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PART I. COMPARISON OF METHODS OF ASSAYI'NG UREASE ACTIVITY IN SOILS 
2 
INTRODUCTION 
Urea added to soils as fertilizer is rapidly hydrolyzed to ammonium 
carbonate in most soils through soil urease activity, and this causes most 
of the problems encountered in use of this fertilizer (Gasser, 1964), The 
growing importance of urea as a nitrogen fertilizer in world agriculture 
necessitates research to reduce these problems, which include damage to 
germinating seedlings and young plants, nitrite toxicity, and volatilization 
of urea N as ammonia (Cooke, 1969). For such research, it is essential 
to have satisfactory methods of assaying urease activity in soils and of 
studying the factors affecting soil urease activity. 
Many methods have been used to assay urease activity in soils* Most 
involve estimation of the ammonium released on incubation of toluene-
treated soil with buffered urea solution (e.g. Hofmann and Schmidt, 1953» 
Stojanovic, 1959» Hoffman and Teicher, I96I; McGarity and Ifyers, 196?; 
Thente, 1970; Tabatabai and Bremner, 1972; Nordstadt, Frey and Sigg, 1973)» 
but some involve estimation of the carbon dioxide released or the urea 
decomposed (e.g. Conrad, 19^0; Porter, 1965» Simpson, 1968; Skujins and 
McLaren, 1969» Douglas and Bremner, 1971; Nordstadt ^al., 1973)» 
Several methods adopted have not employed a buffer to control pH (e.g. 
Conrad, 19^0; Vasilenko, 1962; Porter, 1965» Simpson, I968; Douglas and 
Bremner, 1971) or toluene to inhibit microbial activity (e.g. McLaren, 
Rashetko and Huber, 1957» Porter, 1965» Simpson, 1968; Paulson and Kurtz, 
1969; Skujins and McLaren, 1969)• 
No comparison of buffer and nonbuffer methods of assaying urease 
activity in soils has been reported, and there is no evidence in the 
3 
literature that a.ny of the methods thus far proposed for assay of soil 
urease activity provide a good index of the ability of soils to hydrolyze 
urea under natural conditions. Also, the possibility that buffer methods 
may detect urease activity that does not occur in the absence of buffer 
has not been investigated. 
The purpose of this paper is to describe a very precise nonbuffer 
method of assaying urease activity in soils and to report the results of 
studies in which this method was compared with the buffer method of 
assaying soil urease activity proposed by Tabatabai and Bremner (1972). 
The nonbuffer method described is essentially a scaled-down version of 
the method proposed by Douglas and Bremner (1971), the only important 
difference being that toluene is omitted. It was adopted after tests 
showed that omission of toluene did not significantly affect the results 
obtained try the method of Douglas and Bremner (1971), but led to an 
increase in the precision of the method. 
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MATERIALS AND METHODS 
The soils used (Table 1) were surface (O-I5 cm) samples selected to 
obtain a range in pH (3.6-8.0), texture (2-96 percent sand, 3-72 percent 
clay), and organic-matter content (0,54-6.86 percent). Samples were 
screened (2-mm sieve) in the field-moist condition or after air-drying 
at room temperature (23°C) for 48 h. The pH and texture analyses reported 
(Table 1) were performed on <2-mm air-dry soil, and the organic matter 
analyses were performed on <100-mesb air-dry soil. The pH values were 
determined with a glass electrode (soilrwater ratio, 1:2*5), and texture 
was determined by particle-size analysis (Kilmer and Alexander, 1949) after 
dispersion by sonic vibration (Genrich and Bremner, 1972). The organic 
matter values were calculated from organic C x 1.8. Organic C was 
calculated by subtracting inorganic C determined as described by Bundy 
and Bremner (1972) from total C determined as described by Tabatabai and 
Bremner (1970c). 
Urease activity was assayed by the buffer method described by 
Tabatabai and Bremner (1972) and by a modification of the nonbuffer 
method described by Douglas and Bremner (1971)* The buffer method of 
Tabatabai and Bremner (1972) involves determination of the ammonium 
released by incubation of the soil sample (5 g) with tris(hydroxymethyl)-
aminomethane (THAM) buffer (pH 9.0), urea solution (5*6 mg of urea N) 
and toluene (0.2 ml) at 37°C for 2 h, ammonium release being determined 
by shaking the incubated soil sample with 2.5 H KCl containing a urease 
inhibitor (Ag^SO/^) and by steam distilling an aliquot of the resulting 
soil suspension with MgO. The nonbuffer method of Douglas and Bremner 
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(1971) involves determination of the amount of urea hydrolyzed by 
incubation of the soil sample (10 g) with urea (lO mg of urea N) and 
toluene at 37°C for 5 h, urea hydrolysis being estimated by colorimetric 
determination of urea in the extract obtained by shaking the incubated 
sample with 2M KCl containing a urease inhibitor (phenylmercuric acetate), 
and filtering the resulting soil suspension. The modification of this 
method used in the work reported here involves incubation of the soil 
sample (5 g on oven-dry basis) at 37°C for 5 h after treating it with 3 ml 
of water containing 5 mg of N as urea and sufficient water to bring the 
total volume of water to 5 ml. The incubation is performed in a 
stoppered 65-nil glass bottle, and the amount of urea present in the soil 
sample after 5 h is determined by urea analysis of an aliquot of the 
extract obtained by shaking the incubated sample for 60 min with 5O ml 
of 2M KCl containing 5 pg/ml of phenylmercuric acetate and filtering 
(Whatman No. 42 filter paper) the resulting soil suspension. Urea in 
the extract is determined by the colorimetric procedure of Douglas and 
Bremner (1970)» 
To determine the amounts of urea hydrolyzed on incubation of urea-
treated soils under aerobic or waterlogged conditions for 3 days (Figs. 
1-3), samples of field-moist soil containing 10 g of oven-dry material 
were treated in 260-ml French square bottles with 1 ml of a solution 
containing 10 or 20 mg of N as urea, and their water contents were 
adjusted to 6O56 of the water-holding capacity (WHC) or to 10 ml. The 
bottles then were stoppered and placed in an incubator at 10°C or 20"C. 
After 3 days, the incubated soil samples were shaken for 60 min with 
6 
100 ml of 2M KCl containing 5 ^ g/ml of phenylmercuric acetate, and the 
extracts obtained by filtering (Whatman No. 4-2 filter paper) the resulting 
soil suspensions were analyzed for urea as described by Douglas and 
Bremner (1970). 
Except in the work reported in Table 2, all analyses were performed 
in duplicate or triplicate. 
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RESULTS AND DISCUSSION 
For valid assay of enzymatic activity, it is necessary to ensure 
that the substrate concentration is not a limiting factor in the assay 
procedure. Douglas and Eremner (1971) and Tabatabai and Bremner (1972) 
studied the effect of varying the substrate (urea) concentration in the 
methods they proposed for assay of urease activity of soils and showed 
that the concentration adopted in their methods was satisfactory for the 
soils they studied. We did not study the effect of varying the substrate 
concentration in the nonbuffer method described because the substrate 
concentration in this method is identical to that used by Douglas and 
Bremner (1971) and is close to that used by Tabatabai and Bremner (1972). 
We did, however, study the effect of varying the time of incubation in 
assay of urease activity by the nonbuffer method described and found that, 
with all soils studied, there was a highly significant linear relationship 
between the time of incubation (up to 10 h) and the amount of urea 
hydrolyzed (r = 0.99**)* This is evidence that the substrate concentration 
is not a limiting factor in the nonbuffer method described and that this 
method measures enzymatic activity. 
Table 1 shows the results obtained when urease activity in the soils 
studied was assayed by the nonbuffer method described and the buffer 
method of Tabatabai and Bremner (1972). The data show that the buffer 
method gave much higher values than the nonbuffer method with all 16 soils 
and detected urease activity in two soils (Buckner and Paaloa) that 
exhibited no urease activity when analyzed by the nonbuffer method. 
Table 1 also shows that the results obtained by the nonbuffer method were 
8 
Table 1. Analyses of soils 
Soil Organic-matter Urease activity* 
No. TypeD pH content 
(^) 
Buffer 
method 
Nonbuffer 
method® 
1 Buckner sa 6.1 0.54 10.7 0 (0) 
2 Storden 1 8.0 0.54 39.6 14.2 (14.1) 
3 Dickinson sa 6.5 0.99 19.9 4.7 (4.7) 
4 Ida sil 7.9 1.58 72.9 18.9 (18.9) 
5 Canyon sad 7.9 1.60 98.7 23.6 
6 Belinda sil 6.3 2.16 46.2 34.3 (33.9) 
7 lindley 1 5.0 3.02 31.3 18.9 (19.0) 
8 Regina c 7.5 3.76 133.0 42.5 (42.8) 
9 Muscatine sicl 6.0 4.05 53.6 28.3 
10 Fargo sic 7.5 4.84 233.8 84.9 (85.3) 
11 Webster cl 6.9 5.27 90.6 37.6 (37.5) 
12 Paaloa sic 3.6 5.51 6.4 0 (0) 
13 Hayden sal 6.9 5.78 90.8 61.3 (61.2) 
14 Harps cl 7.9 5.78 165.2 70.8 
15 Primghar sicl 7.0 6.14 128.7 70.8 
16 Marcus sicl 6.6 6.86 81.5 37.8 (38.0) 
^Expressed as ng urea hydrolyzed/g soil/h. 
^Sa, sand; 1, loam; sil, silt loam; sad, sandy clay loam; c, 
clay; sicl, silty clay loam; sic, silty clay; cl, clay loam; sal, 
sandy loam. 
^Values in parentheses are those obtained by nonbuffer method 
when toluene was added (0.1 ml toluene/g soil). 
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not significantly affected by the inclusion of toluene, which is commonly 
used to inhibit microbial growth and assimilation of enzymatic reaction 
products in assay of enzyme activity in soils (Drobnik, 1961; Kiss and 
Boaru, 1965)» Statistical analyses showed that the results obtained by 
the buffer method were significantly correlated with those obtained by 
the nonbuffer method (r = O.gO**). 
Table 2 shows the results of analyses to compare the precision of 
the buffer method of Tabatabai and Bremner (1972), the nonbuffer method 
described here, and the nonbuffer method of Douglas and Bremner (1971). 
The data reported show that, although all three methods gave reproducible 
results, the nonbuffer method described here consistently was more precise 
than the other two methods studied. Table 2 also shows that, with each 
soil studied, the results obtained by the two nonbuffer methods were 
almost identical. This is additional evidence that the nonbuffer method 
described measures enzyme activity and that its results are not affected 
by microbial growth or assiniilation of enzymatic reaction products [the 
only important difference between the two nonbuffer methods is that the 
method of Douglas and Bremner (1971) involves the use of toluene to 
inhibit microbial activity]. The analyses reported in Table 2 were 
performed on air-dried soils. Analyses of field-moist samples of these 
soils showed that the urease activity values obtained by the nonbuffer 
method described were as precise as those obtained with the corresponding 
air-dried samples. 
It is noteworthy that the results obtained by the nonbuffer method 
described were not significantly affected by the inclusion of toluene to 
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Table 2, Precision of methods 
Soil No. Method^ Urease activity* 
Range° Meanf SD° CV° 
2 Buffer 38.9-40.7 39.6 0.71 1.79 
Nonbuffer 14.1-14.3 14.2 0.08 0.56 
DB 13.9-14.2 14.1 0.16 1.13 
3 Buffer 19.6-20.3 19.9 0.27 1.35 
Nonbuffer 4.67-4.71 4.68 0.02 0.42 
DB 4.70-4.80 4.73 0.04 0.84 
7 Buffer 30.3-32.0 31.2 0.58 1.85 
Nonbuffer 18.8-19.1 18.9 0.12 0.63 
DB 18.7-19.6 19.0 0.32 1.68 
11 Buffer 88.3-93.1 90.6 1.79 1.97 
Nonbuffer 37.4-37.8 37.6 0.14 0.37 
DB 36.9-38.0 37.5 0.50 1.33 
13 Buffer 88.6-93.3 90.8 1.74 1.91 
Nonbuffer 61.0-61.7 61.3 0.31 0.50 
DB 59.9-61.8 61.2 0.98 1.60 
^Expressed as lag urea hydrolyzed/g soil/h. 
^DB, nonbuffer method described tiy Douglas a ni Bremner (1971). 
^Results of 6 analyses of each soil. SD, standard deviation* 
CV, coefficient of variation (#). 
inhibit microbial activity because toluene has been found to affect the 
results obtained by previous methods of assaying urease activity in soils 
(Rotini, 1935» Conrad, 19^2; Galstyan, 1965a; Kiss and Boaru, 1965» 
McGarity and Myers, 1967; Thente, 1970» Tabatabai and Bremner, 1972). 
For example, McGarity and ^yers (1967) found that the urease activity 
values obtained for some Australian pasture soils by a method involving 
incubation with citrate buffer (pH 6.7) and urea solution at 37°C for 6 h 
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were substantially reduced by addition of toluene# They concluded that 
the urease activity measured in the presence of toluene is derived from 
extracellular urease adsorbed on soil colloids, whereas the activity 
measured in the absence of toluene includes activity derived from 
metabolizing ureolytic microorganisms. Galstyan (1965a) also found that 
addition of toluene led to a decrease in the values obtained in assay of 
soil urease activity ty a buffer method, but he concluded that toluene 
has an inhibitory effect on urease. Support for this conclusion was 
provided by Thente (1970)» who found that toluene reduced the activity 
of jackbean urease. Tabatabai and Bremner (1972) found that the results 
obtained by their buffer method of assaying urease activity in soils were 
increased by the addition of toluene. Other workers (esg. Rotini, 1935» 
Conrad, 19^2) have also noted that toluene treatment of soil can lead 
to an increase in urease activity, and several have suggested that toluene 
(a plasmolytic agent) releases urease from microorganisms (e.g. Kiss and 
Boaru, I965» Skujins, 1967» Thente, 1970). Our finding that the results 
obtained by the nonbuffer method described were not significantly 
affected by addition of toluene suggests that the effects of toluene 
observed in assay of soil urease activity by buffer methods may be 
related to the buffers employed in these methods. A possible explanation 
of the marked effects of toluene noted McGarity and îtyers (1967) is 
that the citrate buffer used in the method they adopted for assay of 
urease activity promoted rapid growth of ureolytic microorganisms. 
As noted in the Introduction, it has not been demonstrated that any 
of the methods thus far proposed for assay of urease activity in soils 
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provide a good index of the ability of soils to hydrolyze urea under 
.natural conditions. Figures 1 and 2 show the results obtained in studies 
of the relationships between urease activity in field-moist soils, as 
assayed by the buffer method of Tabatabai and Bremner (1972) and the 
nonbuffer method described here, and the amount of urea hydrolyzed when 
these soils were incubated under aerobic conditions (60^ WHC) at 10°C for 
3 days after treatment with urea (1000 (ig of urea N/g of soil). The data 
reported show that there was a significant linear relationship between 
urease activity, as assayed by the buffer or nonbuffer method, and the 
amount of urea hydrolyzed in 3 days at 10°C. It is evident from the data 
in Figs. 1 and 2, however, that the nonbuffer method provided a much 
better index than did the buffer method of the ability of the soils 
studied to hydrolyze urea at 10°C. Further evidence that the nonbuffer 
method described provides an excellent index of the ability of soils to 
hydrolyze urea under natural conditions is presented in Fig, 3» which 
shows that there was a highly significant linear relationship (r = 0,99**) 
between urease activity in field-moist soils as assayed by the nonbuffer 
method and the amount of urea hydrolyzed when these soils were incubated 
under aerobic or waterlogged conditions at 20°C for 3 days after treatment 
with urea (2000 ^ g of urea N/g of soil). 
The soils used in the work reported in Pigs, 1-3 were nos, 2, 3, 4, 
6, 7, 9, 11, 12, 13, and 16, It is noteworthy that, although the Paaloa 
soil (no. 12) exhibited urease activity when analyzed by the buffer 
method, no hydrolysis of urea occurred when this soil was incubated at 
10°C or 20°C for 3 days after treatment with urea. No urease activity 
Fig# 1. Relationship between urease activity of 10 soils, as assayed by buffer 
method, and amount of urea hydrolyzed on incubation of these soils 
under aerobic (60# WHO) conditions at 10°C for 3 days after treatment 
with urea (1000 of urea N/g of soilj. 
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was detected when this soil was analyzed by the nonbuffer method described 
(.Table IJ. Further evidence that the buffer method detects urease activity 
that does not occur in soils under natural conditions was obtained from 
experiments showing that no hydrolysis of urea occurred when the Buckner 
soil (no. l) was incubated [,60% WHC) at 10°C or 20"c for 3 days after 
treatment with urea (1000 pg of urea N/g of soil). As shown in Table 1, 
this soil exhibited urease activity when analyzed by the buffer method, 
but exhibited no urease activity when analyzed by the nonbuffer method. 
To summarize, the work reported indicates that choice of method for 
assay of urease activity in soils should depend on the purpose of the 
assay. If the purpose is to obtain an index of the ability of soils to 
hydrolyze urea under natural conditions, the nonbuffer method described 
is clearly superior to the buffer method. If the purpose is to detect 
urease in soils or soil fractions, the buffer method is superior, because 
it detects urease activity not detected by the nonbuffer method. 
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SUMMARY AND CONCLUSIONS 
Analyses of l6 soils selected to obtain a idide range in properties 
showed that the results obtained by a buffer method of assaying urease 
activity were markedly higher than those obtained by a nonbuffer method. 
Both methods gave reproducible results, but the nonbuffer method was the 
more precise, and studies reported showed that it provides a much better 
index than the buffer method of the ability of soils to hydrolyze urea 
under natural conditions. The buffer method detects urease activity 
that does not occur when soils are treated with urea in the absence of 
buffer. This is a disadvantage if the purpose of the assay is to obtain 
an index of the ability of soils to hydrolyze fertilizer urea, but is an 
advantage if the purpose is to detect urease in soils or soil fractions. 
Use of toluene to inhibit microbial activity in assay of urease activity 
by the nonbuffer method described did not significantly affect the 
results obtained by this method, but it decreased the precision of the 
method. 
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PART II. PRESERVATION OF SOIL SAMPLES FOR ASSAY OF UREASE ACTIVITY 
19 
INTRODUCTION 
Urea is unique among important nitrogen fertilizers in that its fate 
in soils is controlled largely by a soil enzyme (urease). The accvunulation 
of evidence that the problems encountered in use of this fertilizer result 
largely from its rapid hydrolysis in most soils by soil urease has 
stimulated extensive research on methods of assaying urease activity in 
soils and on factors affecting this activity. There is, however, no report 
in the literature of work specifically designed to find satisfactory 
methods of preserving soil samples for assay of urease activity* 
Skujins (1967) reviewed literature pertaining to preservation of soil 
samples for assay of enzyme activity and concluded that no general rule 
can be established for drying or storing field-moist soils for assay of 
enzyme activity. Air-dried soils have been used extensively for studies 
of soil enzyme activities, but there is evidence that air-drying of soils 
can significantly affect the activities of soil enzymes and that its 
effect depends upon the enzyme. For example, Ross (1965) found that 
air-drying of soils deactivated enzymes hydrolyzing sucrose (invertase) 
and starch (amylase), whereas Tabatabai and Bremner (1970b) found that 
it led to a marked increase in soil arylsulfatase activity. Studies of 
the effect of air-drying soils on urease activity have given contradictory 
results. For example, Vasilenko (1962) found that air-drying led to a 
decrease in urease activity, whereas McGarity and îfyers (I967) found that 
it led to an increase. 
The purpose of the work reported here was to determine the effects 
on soil urease activity of various drying and storage treatments commonly 
used to preserve soil samples for chemical or biological analysis. 
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MATERIALS AND METHODS 
The soils used (Table 3) were surface (O-I5 cm) samples selected to 
obtain a wide range in pH (4.6-8.0), texture (2-90 percent sand, 5-72 
percent clay), and organic-matter content (0.33-6.73 percent organic C). 
They were sieved (2-mm screen) in the field-moist condition, and subsamples 
of the sieved soils containing 5 g of oven-dry material were subjected 
to the various treatments described in Table 5* Before and after these 
.treatments, urease activity in the subsamples was assayed by the method 
described by Zantua and Bremner (1975^)» 'which involves determination of 
the urea hydrolyzed on incubation of 5 g of soil (oven-dry basis) at 
37°C for 5 h after treating it with 3 ml of water containing 5 mg of N 
as urea and sufficient water to bring the total volume of water to 5 ml. 
The temperatures of the untreated and treated subsamples were adjusted 
to ça. 30°C immediately before assay of urease activity. The subsamples 
used to study the effects of various drying treatments were dried in 
glass containers. Freeze-drying was performed at -60°G for 60 h using 
a Virtis Model USM-I5 lyophilizer. The subsamples used to study the 
effects of different storage treatments were stored in tightly stoppered 
65 ml bottles. Glass bottles were used for storage at 20°C or 5°C, and 
polyethylene bottles were used for storage at -10°C or -20°C. 
The air-dried soils used to study the effect of storing air-dried 
soils at room temperature for various times were obtained by spreading 
subsamples Cca. 1 kg) of the sieved (<2 mm) field-moist soils in a thin 
layer on clean paper in the laboratory and allowing them to dry at 22°C 
for 48 h. The air-dried samples were gently crushed to pass a 2-mm screen 
Table 3* Analyses of soils 
No. 
Soil 
Series pH 
Organic 
carbon 
(*)* 
Sand 
(*)* 
Silt 
(*)* 
Clay 
CciCOo 
equivalent 
(*)* 
Moisture 
1 Storden 8.0 0.30 51 31 18 20.8 10.0 
2 Dickinson 6.5 0.55 90 5 5 0 6.2 
3 Ida 7.9 0.88 5 71 24 14.2 16.7 
4 Idndley 5.0 1.68 40 42 18 0 13.0 
5 Regina 7.5 2.09 2 26 72 0.2 21.5 
6 Webster 6.9 2.93 34 36 30 0 16.7 
7 Hayden 6.9 3.21 53 34 13 0.2 22.4 
8 Weller 6.1 3.69 2 77 21 0 18.6 
9 Glencoe 6.3 5.86 19 40 41 0 22.5 
10 Okoboji 4.6 6.73 12 50 38 0 20.2 
in air-dry soil. 
io (by weight) of water in field-moist soil. 
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and stored in tightly stoppered bottles at room temperature (21-23°C)« 
Sub sample s containing ^ g of oven-dry material were removed for assay of 
urease activity after the storage times specified in Table 5» 
The soil analyses reported in Table 3 were performed as described 
by Zantua and Bremner (1975a). The analyses for organic carbon and 
carbonate were performed on <100-raesh air-dry soil, and the pH and 
particle-size determinations were performed on < 2-ram air-dry soil. The 
moisture analyses were performed on < 2-mm field-moist soil, moisture being 
estimated by determining the loss in weight on drying at 105°C for l6 h. 
All analyses and experiments reported were performed in duplicate 
or triplicate. The urease activity values obtained by ana],ysis of soils 
before and after different treatments are expressed on a moisture-free 
basis. 
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RESULTS AND DISCUSSION 
The high precision of the method used for assay of urease activity 
is illustrated Table 4, which shows the results of replicate analyses 
by this method of field-moist and air-dry samples of the Ida, Regina, and 
Glencoe soils. Previous work showed that this method provides a good 
index of the abilities of soils to hydrolyze urea under soil conditions 
(Zantua and Bremner, 1975a). 
Table 5 shows the results obtained in studies of the effects of 
drying and storing soil samples at different temperatures befo3re assay 
of urease activity. The data reported show that, with all 10 soils 
studied, the following drying or storage treatments of field-moist 
samples had no effect on the values obtained in assay of urease activity: 
freeze-drying (-60°C) for 60 h; air-drying (22°C) for 48 h; oven-drying 
(55°C) for 24 h; storage at 20°C, 5°C, -10°C, or -20°C for times ranging 
from 1 day to 3 months. Table 5 also shows that no change in urease 
activity occurred when air-dry samples of the soils studied were stored 
at 21-23°C for times ranging from 1 week to 1 year. 
The data in Table 5 indicate that all the drying and storage treat­
ments studied are satisfactory for preserving soil samples for assay of 
urease activity. The finding that air-drying and air-dry storage of 
soils did not have a measurable effect on urease activity is noteworthy 
because, although soils are commonly air-dried and stored in the air-dry 
condition for studies of soil urease activity, there are reports in the 
literature that these treatments can lead to an increase or a decrease in 
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Table 4. Precision of method used for assay of urease activity 
Soi^b Urease activity^ 
Range° Mean° SD CV 
Ida, FM 468-475 472 2.6 0.54 
Ida, AD 468-474 472 2.3 0.49 
Regina, FM 1060-1070 1062 4.0 0.37 
Regina, AD 1060-1070 1063 5.2 0.48 
Glencoe, FM 2110-2130 2124 8.0 0.37 
Glencoe, AD 2110-2130 2124 8.0 0.37 
^Expressed as M-g urea hydrolyzed/5 g soil/5 h, SD, standard 
deviation. CV, coefficient of variation (^). 
field-moist soil; AD, air-dry soil. 
^Results of 6 analyses of each soil. 
urease activity (Vasilenko, 1962; McGarity and t^yers, 196?; Skujins and 
McLaren, 1969» Thente, 1970» Gould, Cook and Webster, 1973)* 
McGarity and Myers (196?) observed a decrease in urease activity 
accompanied by a decrease in soil moisture when field-moist soils were 
stored at room temperature (l8j^°C) in screw-cap jars for 20 or 70 days. 
Pancholy and KLce (1972) found that urease activity decreased significantly 
when field-moist soils were stored in open containers at 21°C for 15 or 
30 days, but they obseirved no loss in urease activity when field-moist 
soils were stored in closed containers at 5°C or 2l°C for 15 or 30 days. 
Table 5 shows that no change in urease activity could be detected when 
field-moist samples of the soils used in our work were stored in closed 
containers at 5°C or 20°C for as long as 3 months. Experiments not 
Table 5» Effects of various treatments of field-moist soils on urease activity 
, Urease activity^ 
, b Treatment Soil No. 
"Ï 2 3 5 5 S" 7 8 9 ÏÔ" 
None 354 118 472 472 1062 944 1534 2714 2124 1652 
Freeze-dried C-60°C} for 60 h 352 117 470 475 1060 940 1540 2720 2110 1660 
Air-dried (22°C) for 48 h 356 118 475 475 1065 940 1530 2710 2130 1650 
Oven-dried (55°C) for 24 h 353 119 468 470 1060 945 1535 2730 2124 1647 
Stored at 20°C for 1 day 352 119 470 470 1070 950 1540 2710 2115 1650 
Stored at 20°C for 1 week 354 118 474 463 1065 940 1530 2715 2130 1652 
Stored at 20°C for 1 month 350 117 470 474 1060 945 1534 2725 2135 1645 
Stored at 20°C for 3 months 352 118 475 470 1062 950 1530 2730 2120 1645 
Stored at 5°C for 1 day 354 117 470 474 1070 945 1525 2710 2115 1660 
Stored at 5°C for 1 week 355 118 475 474 1060 940 1525 2720 2120 1660 
Stored at 5°C for 1 month 350 118 472 472 1065 950 1540 2710 2120 1650 
Stored at 5°C for 3 months 352 119 474 475 1067 9^  1535 2724 2110 1652 
Stored at -10°C for 1 day 354 119 473 470 1065 940 1530 2720 2124 1645 
Stored at -10°C for 1 week 350 118 472 470 1062 945 1540 2714 2115 1660 
Stored at -10°C for 1 month 352 117 470 472 1057 944 1530 2725 2120 1652 
Stored at -10 C for 3 months 354 118 475 474 1060 945 1540 2710 2124 1650 
^Expressed as^g urea hydrolyzed/5 g soil/5 h. 
AD, air-dried (22°C); RT, room temperature (21-23°C). 
Table 5» (Continued) 
b Urease activity^ 
Treatment Soil No. 
1 2 3 4 5 é ' 7 8 9 10 
Stored at -20°C for 1 day 352 118 468 474 1065 944 1530 2724 2120 1655 
Stored at -20°C for 1 week 350 119 475 472 1067 950 1525 2700 2130 1655 
Stored at -20°C for 1 month 35^ 118 474 475 1057 945 1530 2730 2120 1650 
Stored at -20°C for 3 months 352 117 475 475 1060 945 1525 2710 2130 1652 
AD and stored at RT for 1 week 352 118 470 472 1065 940 1530 2720 2120 1660 
AD and stored at RT for 1 month 352 119 472 474 1067 944 1534 2704 2130 1656 
AD and stored at RT for 3 months 354 118 475 472 1057 940 1530 2714 2124 1657 
AD and stored at RT for 6 months 350 119 475 468 1065 945 1535 2724 2115 1654 
AD and stored at RT for 12 months 35^ 118 472 474 1066 940 1534 2724 2120 1650 
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reported in Table 5 showed that no loss of urease activity occurred when 
field-moist samples of the Storden, Dickinson, lindley, Ida, Webster, 
Hayden, and Glencoe soils were stored at 5°C for 6 or 9 months# 
Tagliabue (1958) reported that storage of field-moist soils at 
subzero temperatures can lead to an increase in urease activity, but 
Table 5 shows that no change in urease activity occurred when field-moist 
samples of the soils used in our work were stored at -10°C or -20°C for 
as long as 3 months. Previous work in our laboratory (Tabatabai and 
Bremner, 1970b J showed that storage of field-moist soils at -10°C for 3 
months did not have a significant effect on arylsulfatase activity. 
It is difficult to account for the divergence between our results 
and those obtained in previous studies of the effects of drying and 
storing soils on soil urease activity. It seems likely, however, that 
this divergence is at least partly due to differences in the techniques 
used to study these effects. The techniques used in our work differed 
significantly from those adopted in previous work, the main differences 
being that we assayed urease activity by a method that does not involve 
use of buffer or toluene and eliminated subsampling error in assay of 
urease activity to determine the effects of various treatments on soil 
urease activity (the entire sample of treated soil was used for tliis 
assayj. Another possible explanation of the divergence between our 
results and those of previous investigations of the effects of drying 
and storing soils on soil urease activity is that these effects may 
depend on the amount and type of plant residue in the soil samples 
studied. Most of the soil samples used in our work were from cultivated 
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soils used for corn and soybean production, whereas all soil samples 
studied by McGarity and Myers (196?) were from beneath pasture sward. 
Considered with the results of previous work, the findings in the 
work reported suggest that the safest (and most convenient) method of 
preserving field-moist soil samples for assay of urease activity is to 
store them in closed containers in a refrigerator at 5°C. 
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SUMMARY AND CONCLUSIONS 
Studies with 10 soils selected to obtain a wide range in properties 
indicated that several drying and storage treatments are satisfactory for 
preserving soil samples for assay of urease activity. The following 
treatments of field-moist soils were found to have no effect on the 
values obtained in assay of urease activity: freeze-drying (-60°C) for 
60 h; air-drying (22°C) for 46 h; oven-drying (55°C) for 24 h; storage 
at 20°C, 5°C, -10°C, or -20°C for times ranging from 1 day to 3 months. 
No change in urease activity was observed when air-dried soils were 
stored at 21-23°C for times ranging from 1 week to 1 year. 
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PART III. PRODUCTION AND PERSISTENCE OF UREASE ACTIVITY IN SOILS 
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INTRODUCTION 
Although numerous studies of urease activity in soils have been 
reported (Skujins, 196?; Kuprevich and Shcherbakova, 1971), very little 
is known about the processes and factors affecting the level of urease 
activity in soils. It is well established, however, that soil micro­
organisms can produce urease, and there are reports that urease activity 
in soils can be increased by addition of organic substances that promote 
microbial activity (e.g. Gibson, 1930; Conrad, 19^2; Vasilenko, 1962; 
Chin and Kroontje, 1963» Moe, 1967» Balasubramanian, Siddaramappa and 
Rangaswarai, 1972). 
The purpose of the work reported here was to assess the magnitude 
and persistence of the urease activity produced on addition of different 
organic materials to soils and to evaluate work by Paulson and Kurtz 
(1969) leading them to conclude that addition of a small amount of urea 
to a Drummer silty clay loam induced urease activity, i.e. promoted 
production of urease by soil microorganisms. 
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MATERIALS AND METHODS 
The soils used (Table 6) were surface (O-I5 cm) samples of Iowa 
soils selected to obtain a wide range in pH (5.0-8.0), texture (5-53/^ 
sand, 13-41# clay), and organic-matter content (O.3O-5.8656 organic carbon). 
They were sieved (2-mm screen in the field-moist condition, and subsamples 
of the moist < 2 mm soils containing 5 g of oven-dry material were used 
to study the effects of different treatments on soil urease activity. 
Before and after these treatments, urease activity in the subsamples was 
assayed by the method described by Zantua and Br«nner (1975a)» which 
involves determination of the amount of urea hydrolyzed when a soil 
sample containing ^ g of oven-dry material is incubated at 37°C for 5 h 
after treating it with 5 mg of N as urea and sufficient water to bring 
the total volume of water to 5 ml. The analyses in Table 6 were performed 
as described by Zantua and Bremner (1975b). 
The plant materials and animal manures used were air-dried samples 
of materials previously described (Banwart and Bremner, 1976). Glucose, 
starch and cellulose were obtained from Sigma Chemical Co., St. Louis, 
Missouri. The other chemicals used were analytical-grade reagents 
obtained from Fisher Scientific Co., Chicago, Illinois. 
All analyses and experiments reported were performed in duplicate 
or triplicate. The urease activities of soils before and after different 
treatments are expressed on a moisture-free basis. 
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Table 6. Analyses of soils 
Soil PH 
Organic 
carbon Sand 
(*)* 
Silt Clay 
CaCO 
equivalent 
(*)* 
Moisture 
Storden 8.0 0.30 51 31 18 20.8 10.0 
Ida 7.9 0.88 5 71 24 14.2 16.7 
lAndley 5.0 1.68 40 42 18 0 13.0 
Webster 6.9 2.93 yv 36 30 0 16.7 
Hayden 6.9 3.21 53 34 13 0.2 22.4 
Glencoe 6.3 5.86 19 40 41 0 22.5 
in air-dry soil. 
^ (by weight) of water in field-moist soil. 
RESULTS AND DISCUSSION 
The data reported in Table 7 show that addition of urea to six Iowa 
soils did not affect urease activity, but that addition of glucose or of 
glucose plus urea, ammonium sulfate or ammonium carbonate led to a 
marked increase in urease activity. Evidence that the effects observed 
•with glucose resulted from promotion of microbial activity by this energy 
source was provided by experiments showing that no increase in urease 
activity occurred when toluene was used to retard microbial activity 
after addition of glucose (Table ?). 
As noted in the Introduction, Paulson and Kurtz (I969) concluded that 
the addition of a small amount of urea to a Drummer silty clay loam led 
to induction of urease activity. This conclusion was based on their 
finding that the increase in urease activity resulting from incubation 
of this soil with urea (13 |j.g urea N/g soil) and glucose (1 mg/g soil) 
was greater than the increase resulting from incubation with (NH^)2S0^ 
(13 ng NH^"*^ N/g soil) and glucose (1 mg/g soil). They did not, however, 
study the effect of incubating this soil with urea or (NH^)^SO^ in the 
absence of glucose or with glucose in the absence of urea or (NH^)gSO^, 
and it is evident from Table 7 that their work does not permit any valid 
conclusion concerning the effect of urea on urease activity in soils. 
The urease activity produced by addition of glucose alone to the soils 
used in our work exceeded that produced by addition of the same amount 
of glucose plus 50 i-ig N/g soil as urea, (NH2^)gS0^ or (NH^)2^°3 7)» 
The urease activity produced by addition of glucose and $0 pg N/g soil 
Table ?. Urease activity of soils incubated for various times after 
treatment with different materials* 
Soil Material added® ___________ 
0 1 
Storden None 
Urea (50 P-g N) 
Urea (100 ng N) 
Glucose (2,0 mg} 
Glucose (2.0 mg) + toluene (l.O ml) 
Glucose (2.0 rag) + urea (50 |j.g N) 
Glucose (2,0 mg) + ammonium sulfate (50 p,g N) 
Glucose (2,0 mg) + ammonium carbonate (50 i_ig N) 
Ida None 
Urea (10 (ig N) 
Urea (50 ng N) 
Urea (200 iig N) 
Glucose (2.0 mg) 
Glucose (2,0 mg) + toluene (1,0 ml) 
Glucose (2,0 mg) + urea (50 (j,g N) 
lAndley None 
Urea (50 ^ g N) 
Urea (200 ng N) 
Glucose (2,0 mg) 
Glucose (2,0 mg) + toluene (1,0 ml) 
Glucose (2,0 mg) + urea (50 lig N) 
Glucose (2,0 mg) + ammonium sulfate (50 pg N) 
Glucose (2.0 mg ) + ammonium carbonate (5O ng N) 
various times after treatment specified, 
14.2 14.1 
14.2 14,2 
ND 14.2 
14,2 75.5 
14,2 14.2 
14,2 23,6 
14,2 23,6 
14,2 23.6 
18,9 18.8 
18,9 18.8 
18,9 18.9 
ND 18,9 
18,9 108,5 
18,9 18,9 
18,9 103.8 
18,9 18,9 
18,9 18,8 
ND 18,9 
18,9 70,8 
18,9 18,9 
18,9 47,2 
18,9 51.9 
18,9 44,8 
WHC) for 
Where soil analyzed contained urea, allowance was made for this 
urea in assay of urease activity, ND, not determined, 
c 
Amount of material added per g of soil is indicated in parentheses. 
Figures in parentheses indicate urease activity after incubation 
for 120 days. 
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Vms? (,1g hY^ro3.YS^/g gojl/h)^ 
Incubation time (days) 
2 3 4 5 10 20 30 To 90° 
14.2 
14.1 
14.2 
66.1 
ND 
28.3 
28.3 
28.3 
14.1 
14.2 
14.1 
61.3 
14.2 
23.6 
26.0 
26.0 
14.2 
14.2 
14.1 
61.3 
ND 
23.6 
23.6 
23.6 
14.2 
14.1 
14.2 
61.1 
ND 
23.6 
23.6 
23.6 
14.2 
14.1 
14.2 
51.9 
ND 
23.2 
23.2 
23.2 
14.1 
14.2 
14.2 
51.3 
ND 
14.1 
14.2 
14.2 
14.2 
14.1 
14.2 
47.2 
ND 
14.2 
14.1 
14.1 
14.1 
14.2 
14.1 
14.2 
ND 
14.1 
14.2 
14.2 
14.2 
14.2 
14.2 
14.2 
ND 
14.2 
14.2 
14.2 
18.8 
18.9 
18.8 
18.8 
94.4 
ND 
84.9 
1Ô.8 
18.8 
18.9 
89.7 
18.9 
51.9 
56.6 
56.1 
18.9 
18.8 
18.8 
18.9 
56.6 
18.9 
51.9 
18.8 
18.9 
18.8 
61,3 
18.9 
47.0 
47.6 
47.2 
18.8 
18.9 
18.9 
3fl.8 
51.9 
ND 
37.6 
18.9 
18.8 
18.8 
61.1 
ND 
37.6 
37.5 
37.6 
18.9 
18.8 
18.8 
18.8 
47.2 
ND 
37.6 
18.8 
18.9 
18.9 
51.9 
ND 
35.4 
37.3 
37.4 
18.8 
18.8 
18.9 
18.9 
47.1 
ND 
37.2 
18.9 
18.8 
18.8 
51.6 
ND 
33.0 
33.0 
33.1 
18.9 
18.8 
18.9 
18.8 
47.0 
ND 
23.6 
18.9 
18.8 
18.9 
51.3 
ND 
23.6 
23.7 
23.6 
18.8 
18.9 
18.8 
18.9 
44.8 
ND 
23.2 
18.8 
18.9 
18.8 
47.2 
ND 
23.2 
23.2 
23.2 
18.9 
18.9 
18.9 
18.8 
18.9 
ND 
18.9 
18.9 
18.8 
18.9 
28.3 
ND 
18.8 
18.8 
18.9 
18.9 
18.9 
18.9 
18.9 
18.9 
ND 
18.9 
18.9 
18.9 
18.9 
18.9 
ND 
18.9 
18.9 
3fl.9 
Table 7• (Continued) 
Soil Material added® 
0 1 
Webster None 51.9 52,0 
Urea (10 |ag N) 51.9 52,0 
Urea (50 N) 51.9 51.8 
Urea (400 ^ g N) ND 51.9 
Glucose (2,0 mg) 51.9 146.3 
Glucose (2,0 mg) + toluene (l.O ml) 51.9 51.9 
Glucose (2,0 mg) + urea (50 fj.g N) 51.9 136.9 
Hayden None 61,3 61.3 
Urea (50 (ig N) 61,3 61.4 
Urea (400 ng N) ND 61.3 
Glucose (2,0 mg) 61.3 89.7 
Glucose (2,0 mg) + urea (50 |ig N) 61.3 75.5 
Glencoe None 84.9 85.0 
Urea (50 p.g N) 84,9 85.0 
Urea (500 |j,g N) ND 84.9 
Glucose (2,0 mg) 84,9 165.2 
Glucose (2,0 mg) + urea (50 |ag N) 84.9 132.4 
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Urease activitv (ug area hvdrolvzed/g soil/h)^ 
Incubation time (davs) 
2 3 k 5 10 20 30 60 90° 
51.9 51.9 51.8 52,0 51.8 51.9 51.8 51.9 51.9 
51.9 52.0 51.9 51.9 51.8 51.8 52.0 51.8 51.9 
52.0 51.9 51.8 51.9 52.0 51.9 52.0 51.9 51.9 
51.8 51.9 51.9 51.8 51.9 52.0 51.9 51.8 51.9 
151.0 151.0 118.0 94.4 94.4 94.4 66.0 52.0 51.9 
ND 51.9 ND ND ND ND ND ND • ND 
118.0 115.6 103.8 94.4 89.7 89.3 56.6 52.0 51.9 
61.4 61.2 61.4 61.3 61.2 61.3 61.3 61.4 61.3 
61.3 61.4 61.3 61.2 61.3 61.4 61.3 61.2 61.3 
61.4 61.2 61.3 61.4 61.2 61.2 61.4 61.5 61.3 
84.9 75.8 75.5 75.5 75.^  ND 75.1 61.4 61.3 
75.3 66.2 66.1 66.0 66.0 61.5 61.3 61.3 61.3 
84.9 84.8 85.0 84.9 84.8 84.9 85.0 84.9 84.9 
84.8 84.9 84.9 85.0 84.9 84.8 84.9 84.8 84.9 
84.8 85.0 84.9 84.8 85.0 84.9 84.9 85.0 84.9 
151.0 151.0 136.9 136.9 136.9 136.6 136.5 122.7 89.6 (84.9) 
132.3 132.2 132.1 132.1 122.9 122.7 122.2 118.0 86.0 (84.9) 
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as urea did not exceed that produced by addition of the same amount of 
glucose and 50 Hg N/g soil as (NH^^^SO^ or (Table 7). Other 
experiments showed that urease activity in the soils studied was not 
affected by addition of or (NH^ )^ CO^  at the rate of 50 i-ig 
N/g soil. 
The experiments with glucose (Table ?) indicate than any organic 
material that promotes microbial activity will increase urease activity 
in soils if added in sufficient quantity and that this increase will 
depend upon the amount of material added. This was confirmed by studies 
of the effects of different amounts of glucose, starch, cellulose, 
animal manures and plant materials on urease activity in the Webster soil 
(Table 8;. The urease activity values at zero incubation time reported 
in Table 8 show that the manures and plant materials used contained 
urease. 
Tables 7 and 8 show that, although some of the urease activity 
produced on treatment of soils with organic materials disappeared within 
a few days, some of it persisted for several weeks. The increase in 
' \ 
urease activity resulting frôm addition of glucose at the rate of 1 mg/g 
soil, and the persistence of the urease produced by this addition, varied 
with the soil (Table 7)» The maximum percentage increase in urease 
activity was observed after 1 or 2 days. It ranged from 46^ with the 
Hayden soil to 474^ with the Ida soil. The most significant finding, 
however, in the work reported in Tables 7 and 8 was that, although some 
of the urease produced on treatment of soils with organic materials 
Table 8. Urease activity of Webster soil incubated for various times 
after treatment with different materials* 
Material added^ 
0 0.5 
None 51.9 51.9 
Glucose (0,2 mg) 51.9 51.9 
Glucose (5«0 mg) 51.9 84.9 
Starch (5.0 mg) 51.9 63.7 
Cellulose (5»0 mg) 51.9 51.9 
Beef cattle manure (5*0 mg) 84.9 94.4 
Dairy cattle manure (5»0 mg) 80.2 99.0 
Sheep manure ($.0 mg) 66.0 70.8 
Com (5*0 rag) 61.3 63.7 
Com (10.0 mg) 70.8 66.0 
Orchardgrass (5»0 rag) 54.3 54.3 
Alfalfa (5.0 rag) 52.8 61.3 
*Soil (5 g oven-dry material) was incubated (30°C, 6O5É WHC) for 
various times after treatment specified. 
b 
Amount of material added per g of soil is indicated in parenthe­
ses* 
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Urease activity (gg urea hydrolyz^/g soll/h) 
Incubation time (days) 
1 2 3 4 5 10 20 30 60 90 
52.0 51.9 51.9 51.8 52.0 51.8 51.9 51.8 51.9 51.9 
52.0 54.3 66.0 70.8 63.7 61.3 51.9 51.9 51.8 51.9 
190.2 224.2 184.0 160.4 155.7 108.5 99.0 80.2 52.0 51.9 
63.7 75.5 75.5 75.5 84.9 75.5 75.5 66.0 52.0 51.9 
54.3 56.6 75.5 108.5 141,6 108.5 103.8 70.8 52.0 51.9 
94.4 103.8 108.5 109.6 108.5 99.1 70.8 52.0 51.9 51.9 
94.4 99.0 103.5 108.7 109.4 108.3 80.2 56.6 52.0 51.9 
70.8 84.9 84.9 89.7 108.5 108.3 80.2 51.9 51.8 51.9 
63.7 84.9 108.0 108.5 120.3 109.7 84.9 54.3 51.9 51.9 
66.0 99.0 136.9 137.4 155.7 118.0 84.9 54.3 51.9 51.9 
54.3 70.8 89.7 94.4 103.8 82.2 80.2 51.9 51.8 51.9 
63.7 75.5 89.7 90.3 94.4 70.8 66.0 51.8 51.8 51.9 
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persists for several weeks, the urease activity of soil amended with 
organic materials is eventually identical to that of the unamended 
soil. 
Previous work in our laboratory (Zantua and Bremner, 1975b) 
provided evidence that the urease in unamended Iowa soils is very 
stable. Further support for this conclusion was obtained from the 
experiments reported in Tables 7 and 8 showing that no change in urease 
activity occurred lAen unamended (or urea-treated) Iowa soils were 
incubated for 90 days under conditions that promote microbial activity 
(30°C, 60$É WHC). This, together vdth our finding that the urease 
activity of soil amended with organic materials is eventually identical 
to that of the unamended soil, leads us to conclude that soil constituents 
protect urease against microbial degradation and other processes leading 
to inactivation of enzymes and that every soil has a stable level of 
urease activity that is determined by its ability to provide this 
protection. Support for the suggestion that organic soil constituents 
protect urease (Conrad, 19^0; Bums, El-Sayed and McLaren, 1972a; Bums, 
Pukite and McLaren, 1972b) has been provided by several investigations 
showing that there is a significant relationship between soil urease 
activity and organic matter content (e.g. McGarity and >fyers, 1967; ^ yers, 
and McGarity, 1968; Gould, Cook and Webster, 1973» Dalai, 1975)* 
Lloyd and Sheaffe (1973) attempted to study production of urease 
activity in soils by experiments in which urease activity was assayed 
by estimation of the produced on incubation of urea-treated soil 
with phosphate buffer (pH 6.7) at 30°C for 4 h. They found, however, that 
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the results obtained by this method were highly variable and attributed 
this to defects of the method and to subsampling error. To avoid sub-
sampling error in studies of the effects of different treatments on urease 
activity in soils, we used the entire sample of treated soil for assay of 
urease activity, and we obtained highly consistent results in all studies 
reported. Previous work to evaluate the method used for assay of urease 
activity showed that this method has high precision (Zantua and Bremner, 
1975a,b), and this was confirmed in the work reported here. For example, 
the range, average and standard deviation of the results of 10 analyses 
of the Glencoe soil by this method were 84.4-85.2, 84.9 and 0.32, 
respectively (expressed as ng urea hydrolyzed/g soil/h). 
Several workers besides Uoyd and Sheaffe (1973) have attempted to 
study production of urease activity in soils treated with different 
materials by experiments involving assay of urease activity by estimation 
of the released on incubation of soil with urea in the presence or 
absence of buffer (e.g. Vasilenko, 1962; Balasubraraanian et ajL., 1972). 
But there are problems in assay of urease activity in soils by such 
analyses that do not arise when urease activity is assayed by urea 
analyses as in the work reported here (e.g. fixation and volatilization 
of NH, "*"), and none of the reports of studies of urease production in 
soils based on NH^ analyses indicate that these problems were recognized 
or that any attempt was made to overcome them (e.g. by performing 
experiments that would permit assessment of fixation and volatilization 
of and of production by microbial decomposition of nitrogenous 
organic materials). It is noteworthy in this connection that data 
obtained by Vasilenko (1962), Balasubramanian et al. (1972) and Lloyd and 
Sheaffe (1973) from analyses indicated that incubation of soils before 
or after treatment with urea leads to very marked fluctuations in urease 
activity. For example, data obtained by Lloyd and Sheaffe (1973) indicated 
that, when an Australian rod-yellow podzolic soil was incubated at 28°C 
before or after treatment with urea, its urease activity both increased 
and decreased very markedly several times within 9 days. In contrast, we 
have been unable to detect any change in urease activity when unamended or 
urea-treated soils are incubated at JO°C for 90 days and urease activity is 
assayed by determining the amount of urea hydrolyzed instead of the amount 
of released on incubation of soil with urea (Table ?). 
Toluene is commonly used to inhibit microbial growth and assimilation 
of enzymatic reaction products in assay of enzyme activity in soils. In 
work previously reported (Zantua and Bremner, 1975a), we found that the 
results obtained by the nonbuffer method used for assay of soil urease 
activity in the work reported here were not significantly affected by 
addition of toluene and that, when this method is applied to Iowa soils, 
there is a highly significant linear relationship (r = 0,99**) between the 
time of incubation (up to 10 h) and the amount of urea hydrolyzed. This is 
evidence that this method measures enzyme (urease) activity and that its 
results are not affected by microbial activity. However, after the work 
reported in Tables 7 and 8 had been completed, Dalai (1975) reported that 
toluene greatly decreased the results obtained in assay of urease activity 
in some Trinidad soils by a nonbuffer method involving determination of the 
urea hydrolyzed on incubation of urea-treated soil at of water-holding 
capacity (WHC) and 37°C for 4 h. In view of this divergence, we studied the 
effect of toluene on assay of urease activity in Iowa soils by the 4 h 
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incubation procedure used by Dalai and reexamined the effect of toluene on 
assay of urease activity in Iowa soils by the 5 h incubation procedure 
used in the work reported here. The results (Table 9) showed that toluene 
had no effect on the results obtained by Dalai's incubation procedure 
(method B) and confirmed our previous finding that this reagent did not 
significantly affect the results obtained by the incubation procedure used 
in our work (method A). We also studied the effect of varying the time of 
incubation in assay of urease activity in Iowa soils by these methods and 
found that, in the presence or absence of toluene, there was a highly 
significant linear relationship (r = 0,99**) between the time of incubation 
(up to 10 h) and the amount of urea hydrolyzed» The results obtained with 
the Webster soil in the absence of toluene are shown in Fig. 4. It should 
be noted that the urea level employed for assay of urease activity by 
Dalai's incubation procedure in the experiments reported in Table 9 and 
Fig. 4 was lower than the level adopted by Dalai. It was necessary to 
use a lower level because the urease activities of Iowa soils are 
considerably lower than the activities reported by Dalai for Trinidad 
soils. 
Dalai (1975) did not suggest any explanation of his observations 
concerning the effect of toluene on assay of urease activity in Trinidad 
soils, but the literature on the effect of toluene suggests two explanations. 
One is the toluene has a strong inhibitory effect on the native urease 
in Trinidad soils. The other is that urease activity measured in the 
presence of toluene is derived from extracellular urease absorbed on 
soil colloids, whereas the activity measured in the absence of toluene 
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Table 9* Effect of toluene on assay of urease activity in soils by 
two nonbuffer methods 
Urease activity^ 
Soil Method In absence In presence 
of toluene® of toluene^ 
Storden A 14.2 14.2 
Storden B 11.0 (11.0) 11.0 
Ida A 18.9 18.9 
Ida B 16.6 (16.6) 16.6 
Lindley A 18.9 18.9 
Lindley B l6.6 (l6.6) l6.6 
Webster A 51.9 51.9 
Webster B 44.2 (44.2) 44.2 
^Expressed as urea hydrolyzed/g soil/h. 
A, soil (5 g) treated with 5 mg of N as urea was incubated 
(5 ml water) at 37°C for 5 h (Zantua-Bremner method); B, soil 
(5 g) treated with 5 wg of N as urea was incubated ($0^ WHC) at 
37°C for 4 h (Dalai method). 
^Figures in parentheses are values obtained when soil was 
treated with glucose (2 mg/g soil) immediately before assay of 
urease activity. 
^Amount of toluene added was 0,5 ml in method A and 1.0 ml 
in method B« 
includes activity derived from metabolizing ureolytic microorganisms, 
i.e. includes activity produced by microorganisms during the assay. 
This is the explanation advanced by McGarity and Ifyers (196?) to account 
for their finding that the urease activity values obtained for some 
Australian pasture soils by a method involving incubation with citrate 
buffer (pH 6,?) and ui^a at 37°C for 6 h were significantly reduced by 
addition of toluene. In a previous paper (Zantua and Bremner, 1975^)» we 
Big. 4. Effect of incubation time on amount of urea hydrolyzed in assay of 
urease activity in Webster soil by two nonbuffer methods. Method A, 
soil C5 gJ was incubated (5 ml water^ at 37 C after treatment with 
5 mg of N as urea (Zantua-Bremner method X method B, soil (,5 g ) was 
incubated (50^ WHC} at 37°C after treatment with 5 mg of N as urea 
(Ikilal method, toluene omitted). 
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suggested that the citrate buffer used in the method employed by McGarity 
and Myers (19Ô7) for assay of urease activity may have promoted rapid 
growth of urèolytic microorganisms and that this growth was suppressed 
by addition of toluene. This explanation cannot be advanced to account 
for Dalai*s results with toluene because he used a nonbuffer method for 
assay of urease activity. Moreover, the effects of toluene observed by 
Dalai on incubation for 4 h at 37°C were much greater than those noted by 
McGarity and Ifyers on incubation for 6 h at 37°C. It is unfortunate that 
Dalai did not study the effect of incubation time in assay of urease 
activity in Trinidad soils by his 4 h incubation procedure when toluene 
was omitted because the data thus obtained would have indicated if the 
higher urease activity values obtained in the absence of toluene resulted 
from microbial activity during the assay. The possibility that addition 
of urea to the soils used in his work promoted such rapid microbial 
growth at 37that it resulted in as much as a ten-fold increase in 
urease activity within 4 h seems completely excluded by the work reported 
here. Table 7 shows that no induction of urease activity occurred when the 
soils used in our work were treated with urea, and Tables 7 and 8 show 
that the results obtained by the 5 h incubation procedure we adopted for 
assay of urease activity were not affected when glucose or other urease-
free organic materials known to promote microbial activity were added 
immediately before assay of urease activity. Also, Table 9 shows that 
the results obtained by Dalai*s 4 h incubation procedure in the absence 
of toluene were not increased when glucose was added in an attempt to 
promote microbial activity during assay of urease activity by this 
procedure. Galstyan (1965a) found that addition of toluene led to a 
decrease in the values obtained in assay of urease activity in some 
Russian soils by a buffer method, but he concluded that toluene has an 
inhibitory effect on urease. Support for this conclusion was provided 
by Thente (1970), who found that toluene reduced the activity of jackbean 
urease. Other workers have found that treatment of soil with toluene can 
lead to an increase in urease activity (e.g. Rotini, 1935» Conrad, 19^ 2), 
and it has been suggested that toluene plasmolytic agent j releases 
urease from microorganisms (Kiss and Boaru, 1965» Skujins, 196?; Thente, 
1970;. 
The method used for assay of urease activity in the work reported 
here differs from methods used in previous work in that it does not involve 
use of toluene or buffer. The divergent and puzzling results obtained in 
studies of the effects of toluene in assay of enzyme activity in soils 
suggest that this reagent causes more problems than it solves, and our 
work with Iowa soils has shown that it is not necessary to use toluene 
to prevent microbial activity if urease activity is assayed by the non-
buffer method used in the work reported here. We have adopted this 
nonbuffer method for most of our work on urease activity in soils because, 
in contrast to buffer methods, it assesses the ability of soil urease to 
hydrolyze urea under conditions that are not greatly different from those 
existing naturally in soils treated with fertilizer urea. The buffers 
used in buffer methods of assaying urease activity in soils are designed 
to create optimal conditions for urease activity, and such methods 
measure activity that does not occur when soils are treated with urea in 
the absence of buffer (Zantua and Bremner, 1975a)• This is an advantage 
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if the puipose of the assay is to detect urease in soils or soil fractions, 
but is an obvious disadvantage if, as in most investigations of soil 
urease activity, the purpose is to obtain an index of the ability of 
soils to hydrolyze urea under natural conditions. Previous work (Zantua 
and Bremner, 1975^) showed that the nonbuffer method of assaying urease 
activity used in our work provides an excellent index of the ability of 
soils to hydrolyze urea under natural conditions. 
There is an obvious need for further work to determine if our findings 
concerning the persistence of soil urease apply to other soil enzymes and 
to elucidate the mechanism(s) by which soil constituents protect urease 
and thereby determine the stable level of urease activity in different 
soils. 
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SUMMARY AND CONCLUSIONS 
Addition of urea to Iowa soils did not induce urease activity, but 
production of urease activity was observed on addition of glucose and 
other organic materials that promote microbial activity. The persistence 
of the urease activity produced on addition of these materials varied 
with the soil, but, with each soil studied, the urease activity after 
addition of organic materials eventually was identical to that of the 
unamended soil. No increase or decrease in urease activity was observed 
when unamended or urea-treated soils were incubated under aerobic 
conditions for several months. It is concluded that soil constituents 
protect urease against microbial degradation and other processes leading 
to inactivation of enzymes and that every soil has a stable level of 
urease activity determined by the ability of its constituents to provide 
this protection. 
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PART IV. STABILITY OF UREASE IN SOILS 
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INTRODUCTION 
Conrad (19^0) demonstrated that the urease occurring naturally in 
soils is more stable than urease added to soils and suggested that organic 
soil constituents have the ability to stabilize urease. Further evidence 
that soils contain materials that protect urease against processes that 
inactivate or decompose enzymes was provided by Skujins and McLaren (1968, 
1969), who detected urease activity in stored and geologically preserved 
soils. 
Recent work in our laboratory has provided evidence that the urease 
in Iowa soils is remarkably stable and that different soils have different 
stable levels of urease activity determined by the ability of their 
constituents to protect urease (Zantua and Bremner, 1975b, 1976). The 
work reported here provides further evidence for these conclusions. 
Among other things, it shows that prolonged incubation of field-moist 
samples of Iowa soils under aerobic or waterlogged conditions has no 
effect on urease activity and that the urease in these soils is not 
susceptible to decomposition by proteolytic enzymes that rapidly destroy 
unprotected urease. 
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MATERIALS AND METHODS 
The soils used (Table 10) were surface CO-15 cm) samples of Iowa soils 
selected to obtain a wide range in pH (5»0-8.0), texture (5-531^ sand, 
13-^1/6 clay), and organic-matter content C0.30-5.92/& organic carbon). 
They were sieved (2-mn screen) in the field-moist condition, and sub-
samples of the moist < 2 mm soils containing 5 g of oven-dry material were 
used to study the effects of different treatments on soil urease activity. 
Before and after these treatments, urease activity in the subsamples was 
assayed by the method described by Zantua and Bremner (1975a)« Drying of 
subsamples at different temperatures was performed in Petri dishes, and 
storage of subsamples was performed in stoppered 65-Tnl bottles. Incubation 
of subsamples under aerobic conditions was performed in stoppered 65-ml 
bottles that were aerated at 3-day intervals, and incubation of subsamples 
under waterlogged conditions was performed in stoppered test tubes 
(13 X 145 ram). The moisture contents of the subsamples were adjusted to 
60^ of the water-holding capacity (WHC) for the incubations under aerobic 
conditions and to 160^ of the WHC for the incubations under waterlogged 
conditions. 
The air-dried soils used to study the effects of different treat­
ments of air-dried soils were obtained by allowing subsamples (ca. 1 kg) 
of the sieved (<2 mm) field-moist soils to dry in the laboratory (22°C) 
for 72 h. The air-dried samples were crushed to pass a 2-mm screen 
and stored in stoppered bottles at room temperature (21-23°C). Sub-
samples containing 5 g of oven-dry material were taken for assay of 
urease activity after different storage times and for studies of the 
effects of different incubation treatments of air-dried soils. 
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leaching of field-moist soils with water was performed by treating 
20 g of field-moist soil under suction on a Buchner filter funnel fitted 
with a Whatman No. 4l filter paper with approximately 700 ml of water 
applied in 100 ml portions. The leached soil was thoroughly mixed and, 
after determination of its moisture content, subsamples containing 5 g 
of oven-dry material were taken for assay of urease activity» 
The sterilized soils used were obtained by autoclaving field-moist 
soils at 120°C for 1 h and by repeating this treatment after 24 h. 
Before use, they were dried at 105°C for 24 h. 
Urease (Type III from jackbeans), pronase (Type VI protease from 
Streptomyces griseus) and trypsin (Type III from bovine pancreas) were 
obtained from Sigma Chemical Company, St. Louis, Missouri. 
All analyses and experiments reported were performed in duplicate 
or triplicate. The urease activities of soils before and after different 
treatments are expressed as urea hydrolyzed/g soil (moisture-free 
basis)/h. 
In the analyses reported in Table 10, pH, organic carbon, texture, 
CaCOg equivalent and moisture were determined as described by Zantua 
and Bremner (1975b)» Total nitrogen was determined by a micro-Kjeldahl 
procedure (Bremner, I960) and cation-exchange capacity was determined by 
the method of Keeney and Bremner (1969). 
Table 10, Analyses of soils 
No. 
Soil 
Series PH 
Organic 
carbon 
(*) 
Total 
nitrogen 
(*) 
Is Clay 
(^ ) 
CaCO. 
equivalent 
(*) 
CBC® Moisture (#)t 
1 Storden 8.0 0.30 0.059 51 18 20.8 9.5 10.0 
2 Ida 7.9 0.88 0.110 5 24 14.2 15.2 16.7 
3 lindley 5.0 1.68 0.143 40 18 0 11.5 13.0 
4 Webster 6.9 2.93 0.262 34 30 0 28.2 16.7 
5 Hayden 6.9 3.21 0.227 53 13 0.2 16.3 22.4 
6 Glencoe 6.3 5.92 0.556 20 41 0 40.2 22.5 
Cation-exchange capacity (m-equiv./lOO g of soil). 
(by weight) of water in field-moist soil. 
5? 
RESULTS AND DISCUSSION 
Table 11 shows that the following treatments of field-moist soils 
had no effect on urease activity! leaching with water; drying for 24^ h 
at temperatures ranging from 30 to 60°C; storage for 6 months at 
tençeratures ranging from -20 to 40°C; incubation at 30 or 40°C under 
aerobic or waterlogged conditions for 6 months. Table 11 also shows that, 
whereas no loss of urease activity could be detected lAen field-moist 
soils were air^drled and stored at 21-23°C for 2 years, complete loss of 
urease activity was observed tdien these soils were dried at lO^^C for 
24 h or were autoclaved (120°C) for 1 h. Diying at 75°C for 24 h resulted 
in a substantial 0-5^5^) loss of urease activity. 
Previous work (Zantua and Bremner, 1975a) showed that the method used 
for assay of urease activity gives veiy reproducible results. The high 
reproducibility of the results obtained by this method in the work reported 
here has been illustrated in Table 11 by reporting the results of replicate 
analyses as mean + the standard error of the mean. 
Some of the soil treatments studied in the work reported in Table 11 
are extensions of treatments previously shown to have no effect on urease 
activity in Iowa soils (Zantua and Bremner, 1975b, 1976). For example, 
previous work showed that incubation of Iowa soils under aerobic conditions 
at 30°C for 3 months had no effect on urease activity (Zantua and Bremner, 
1976). Table 11 shows that no change in urease activity could be detected 
when Incubation was performed at 30 or 40°C under aerobic or waterlogged 
conditions for as long as 6 months. Also, experiments not reported in 
Table 11 showed that no change in urease activity occurred when the 
Table 11. Effects of various treatments of field-moist soils on urease 
activity 
Treatment 
1 2 
None 14.2 + 0.1 18.9 ± 0.1 
Leached with water 14.2 + 0.1 18.9 ± 0.2 
Dried at 30, 40, 50 and 60°C for 24 h 14.2 + 0.2 18.9 ± 0.3 
Dri-ed at 75°C for 24 h 9.4 ± 0.4 14.1 + 0.5 
Dried at 105°C for 24 h 0 0 
Autoclaved (120°C) for 1 h 0 0 
Stored at -20, -10, 5» 10, 20, 30 or 
40°C for 6 months 
14.2 + 0.2 18.9 ± 0.4 
Incubated at 30 or 40°C under water­
logged conditions for 6 months 
14.2 + 0.2 18.9 i 0.3 
Incubated at 30 or 40°C under aerobic 
conditions for 6 months 
14.2 1+
 
0
 
•
 18.9 + 0.2 
Air-dried and stored at 21-23°C for 
2 years 
14.2 
CM 
.
 
0
 
+
 1 18.9 + 0.2 
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Urease activity 
Soil No. 
3 4 5 6 
18.9 ± 0.1 51.9 ± 0.3 61.3 + 0.4 94.4 + 0.5 
18.9 ± 0.2 51.8 ± 0.3 61.2 + 0.4 9(^ .2 ± 0.6 
18.9 ± 0.4 52.0 + 0.4 61.2 + 0.6 94.4 + 0.8 
9.5 ± 0.4 33.0 i 0.6 37.8 ± 0.6 80.2 + 1.0 
0 0 0 0 
0 0 0 0 
18.9 ± 0.3 51.7 ± 0.4 61.2 + 0.6 94.3 ± 0.7 
18.9 i 0.2 51.9 + 0.4 61.2 + 0.5 94.2 + 0.6 
18.9 ± 0.3 51.8 + 0.3 61.4 + 0.5 ± 0,7 
18.9 + 0.2 51.9 ± 0.4 61.3 + 0.4 94.5 + 0.5 
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Webster soil (no. 4) was incubated under aerobic or waterlogged conditions 
at 30°C for 14 months. 
Previous work (e.g. Vasilenko, 1962; Balasubramanian, Siddaramappa 
and Rangaswami, 1972; U-oyd and Sheaffe, 1973) has indicated that 
incubation of soils under aerobic conditions can lead to very marked 
fluctuations in urease activity. For example, Lloyd and Sheaffe (1973) 
reported that, •sriien an Australian podzolic soil was incubated under 
aerobic conditions, its urease activity both increased and decreased very 
markedly (up to 160^6) several times within 9 days. In contrast, we have 
been unable to detect any change in urease activity on aerobic incubation 
of Iowa soils for various times up to 6 months. Possible explanations 
of the divergence between our results and those of previous workers have 
been suggested in a previous paper (Zantua and Bremner, 1976). 
No studies of the effect of prolonged waterlogging of soils on urease 
activity have been reported previously, but Ifyers and McGarity (1968) found 
that subsurface samples of some Australian podzolic and gley soils 
exhibited no urease activity and deduced from this observation that 
waterlogging may cause rapid destruction of urease or lead to production 
of substances that inhibit urease activity. The finding in our work that 
prolonged waterlogging of soils at 30 or 40°C had no effect on urease 
activity (Table 11) has obvious practical significance in view of the 
importance of urea as a nitrogen fertilizer for rice production in flooded 
paddy soils. 
In early studies of soil urease, Rotini (1935) observed complete 
loss of urease activity when soils were heated at 110°C for 15 h, and 
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Conrad (IS^I-O) found that heating soils at 80-90°C for 48 h led to almost 
complete loss of urease activity. The literature suggests that most soil 
enzymes are inactivated at temperatures between 60 and 70°C and that the 
temperatures needed to inactivate enzymes in soils are usually about 10°C 
higher than the temperatures needed to inactivate the same enzymes in the 
absence of soil (Galstyan, 1965b; Skujins, 196?). We have found that 
several heat treatments causing complete destruction of urease activity 
in Iowa soils (e.g. heating at 110°C for 10 h) do not completely destroy 
arylsulfatase or phosphatase activity. Previous work showed that drying 
of 13 field-moist Iowa soils at 105°C for 24 h caused, on average, only 
a 5456 decrease in arylsulfatase activity (Tabatabai and Bremner, 1970b). 
The data in Table 11 indicate that inactivation of urease in soils 
commences at temperatures above 60°C and is complete at 105°C. 
Experiments reported in Table 12 showed that, when moist soils were 
heated at different temperatures for 60 min in test tubes stoppered to 
prevent loss of water during heating, partial inactivation of urease 
occurred at 70 and 80°C and complete inactivation occurred at 90°C. 
Van Slyke and Cullen (1914) found that, when aqueous solutions of 
purified jackbean urease were heated at different temperatures for 
30 min, no inactivation of this urease occurred at 60°C, but partial 
(ca. 255&) inactivation occurred at 70°C and almost complete inactivation 
occurred at 80°C» 
The method used to assay urease activity differs from those usually 
employed for research on soil urease activity in that it does not involve 
use of a buffer. Table I3 shows the results obtained when the buffer 
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Table 12, Effect on urease activity of heating moist soils at different 
temperatures for 1 h^ 
Urease activity 
Soil Before After heating 
heating Wc SÔôc 7Ô°C 5ooc WÔ ÎÔÔ®C 
Ida 18.9 18.9 18.8 16.5 4.7 0 
Webster 51.9 51.8 51.9 44.8 14.2 0 
Hayden 61.3 61.3 61.2 47.2 18.9 0 
Field-moist soil (5 g dry material) treated with the amount of 
water required to bring the water level to 4 ml was heated in a 
stoppered test tube for 1 h in a water bath at the temperature specified* 
method of assaying soil urease activity described by Tabatabai and Bremner 
(1972) was used to study the effects on urease activity of different 
treatments of field-moist Hayden soil. It can be seen that, although, 
as previously reported (Zantua and Bremner, 1975^), the buffer method of 
assaying urease activity gives higher values than the nonbuffer method 
(of. data for the Hayden soil in Table llj, the results by these two 
methods lead to similar conclusions concerning the effects of different 
treatments on soil urease activity. 
Several workers (e.g. Conrad, 19^0; Moe, 196?; Roberge, 1970) have 
shown that urease activity in soils can be increased by addition of jack-
bean urease, and Conrad (19^0) obtained evidence that the urease occurring 
naturally in soils is more stable than added urease, Stojanovic (1959) 
found that, when two Mississippi soils previously autoclaved to destroy 
microorganisms and urease activity were treated with jackbean urease, 
about 50^ of the urease activity observed immediately after addition of 
this enzyme disappeared within 12 h. 
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Table 13» Effects of various treatments of field-moist Hayden soil on 
urease activity as assayed by buffer method 
Treatment Urease activity^ 
None 92»1 + 1.0 
Leached with water 91.9 + 1.2 
Dried at 30 or ^ 0^0 for 24 h 92.0 + 1.1 
Dried at 105*0 for 24 h 0 
Autoclaved (120°C) for 1 h 0 
Stored at -20, -10, 10 or 30°C for 4 months 92.0 + 1.8 
Incubated at 20 or 30°C under aerobic conditions 91-9 + 1.6 
for 2 months 
/ 
Air-dried and stored at 21-23°C for 1 year 91»9 + 1.4 
^Assayed by method of Tabatabai and Bremner (1972). Expressed as 
fig urea hydrolyzed/g soil/h. 
Table 14 shows the effects of treating unsterilized and sterilized 
(autoclaved) samples of Iowa soils with jackbean urease. The sterilized 
soils exhibited no urease activity before treatment with urease. It can 
be seen that, although the effect of the added urease on urease activity 
was very marked immediately after addition of this enzyme, it decreased 
rapidly with time and was in some cases insignificant after 1 or 3 days 
and in all cases negligible after 7 or 14 days. The rate of inactivation 
of the added urease was most rapid with the two calcareous soils having 
low organio-matter contents (Storden and Ida). 
It is evident from Table 14 that chemical reactions contributed 
substantially to inactivation of urease added to the soils studied because 
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Table 14, Urease activity in unsterilized and sterilized soils incubated 
for various times after treatment with urease* 
Urease activity 
Soil" Incubation time (days) 
Oc 1 3 7 14 21 
Storden, U 
Storden, S 
283.1 
169.9 
(14.2) 
(0) 
14.7 
14.2 
14.3 
11.4 
14.2 
7.4 
14.1 
0 
14.2 
0 
Ida, U 
Ida, S 
33.0 
47.2 
(18.9) 
(0) 
19.2 
14.2 
18.9 
12.0 
18.8 
8.0 
18.9 
0 
18.8 
0 
Idndley, U 
lindley, S 
443.6 
339.8 
(18.9) 
(0) 
26.3 
0 
19.0 
0 
18.9 
0 
IB .8 
0 
18.9 
0 
Webster, U 
Webster, S 
420.0 
438.9 
(51.9) 
(0) 
250.1 
103.8 
66.0 
37.7 
51.9 
18.3 
52.0 
0 
51.9 
0 
Hayden, U 
Hayden, S 
415.3 
396.4 
(61.3) 
(0) 
355.0 
28.3 
198.2 
14.2 
84.9 
9.2 
61.5 
0 
61.3 
0 
®TJnsterilized or sterilized (autoclaved) soil was incubated (37°C, 
60^ WHC) for various times after treatment with jackbean urease (20 ng 
urease/g soil). 
b 
U, unsterilized soil; 8, sterilized soil. 
c 
Figures in parentheses indicate urease activity before addition 
of urease. 
the rate of inactivation of urease added to several soils was faster 
with sterilized than with unsterilized samples and sterilization markedly 
decreased the time required for complete inactivation of urease added to 
the lindley soil» Roberge (1970) noted in previous work that urease 
added to a steam-sterilized sample of black spruce humus was inactivated 
more rapidly than urease added to gamma-radiation sterilized or un­
sterilized samples. 
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Table 14 shows that the urease activities of unsterilized soils 
treated with urease decreased rapidly until they were identical to those 
of the corresponding soils before treatment with urease and then remained 
constant. This supports the conclusion from previous work (Zantua and 
Bremner, 1976) that different soils have different stable levels of 
urease activity determined by the ability of their constituents to protect 
urease. It also indicates that the protective sites in the unsterilized 
soils were fully occupied by the urease present in these soils before 
the addition of jackbean urease and could not, therefore, afford any 
protection to the added urease. The finding that the sterilized soils 
treated with urease exhibited no urease activity after 7 or l4 days 
indicates that the protective sites in these soils were fully occupied by 
the urease inactivated by the autoclaving treatment used for sterilization. 
Urease isolated from plants, animals or microorganisms is rapidly 
decomposed by proteolytic enzymes (proteases) such as trypsin and pronase. 
Conrad (19^0) found that treatment of a Nord loam with trypsin for 2 days 
led to a very marked (ca. 40#) reduction in urease activity. M^re recently. 
Bums, El-Sayed and McLaren (1972a) studied the effects of pronase on 
urease activity in a Dublin clay-loam and in a clay-free organic fraction 
of this soil. Their results indicated that treatment of the whole soil 
with pronase for 24 h led to an appreciable (l4$() reduction in urease 
activity, but that similar treatment of the organic material isolated from 
this soil resulted in a significant (11#) increase in urease activity. 
Other experiments with a Dublin clay loam reported by Bums, Pukite and 
Mclaren (1972b) indicated that pronase treatment of a "clay + silt" 
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fraction separated by sedimentation after Bonification of an aqueous 
suspension of this soil led to a marked (15-31^) reduction in urease 
activity, but that treatment of a clay-free organic fraction of this 
soil with pronase caused a significant (95^) increase in urease activity. 
Since it is well established that soils exhibit substantial proteolytic 
(protease) activity (see ladd and Butler, 1972), the finding that 
prolonged incubation of field-moist Iowa soils under aerobic or water­
logged conditions had no effect on urease activity (Table 11 ) indicates 
that the urease in these soils is protected in such a way that it is 
completely resistant to degradation by proteolytic enzymes such as pronase 
and trypsin. This conclusion is supported by the data in Table 15, which 
shows the results of studies to determine the effects of pronase and 
trypsin on urease activity in Iowa soils and in samples of these soils 
pretreated with jackbean urease. It can be seen that pronase and trypsin 
had no effect on urease activity in the soils not treated with urease, 
but that these enzymes accelerated the decrease in urease activity 
observed with the urease-treated soils following the Initial increase in 
urease activity resulting from addition of urease; i.e., they had no 
effect on the native (indigenous) soil urease, but increased the rate of 
decomposition of added urease. In the presence or absence of pronase or 
trypsin, the level of urease activity in each urease-treated soil decreased 
to, and stabilized at, the level observed before addition of urease. 
E3q)eriments with the Webster soil showed that urease activity in 
this soil was not affected by the treatments with pronase and trypsin 
described in Table 15 even when these treatments were repeated at 3-day 
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Table 15» Effects of pronase and trypsin on urease activity in soils 
and urease-treated soils 
Soil Treatment* 
Urease activity 
Time of incubation after treatment ( 
0 1 3 7 14 21 
None 18.9 18.8 18.9 I9.Ô 18.9 18.9 
Pronase 18.9 18.9 18.7 18.8 19.0 18.8 
Trypsin 18.9 18.8 19.0 18.9 18.8 18.9 
Urease 443.6 26.3 19.0 18.9 18.8 18.9 
Urease + pronase 434.1 19.1 18.8 18.9 19.0 18.9 
Urease + trypsin 440.6 20.1 18.9 18.8 18.9 19.0 
None 51.9 52.0 51.8 51.9 52.1 51.9 
Pronase 51.9 51.8 52.1 51.7 51.9 52.0 
Trypsin 51.9 51.9 51.9 52.0 51.8 51.9 
Urease 420.0 250.1 66.0 51.9 52.0 51.9 
Urease + pronase 387.0 70.8 52.2 51.8 51.9 51.8 
Urease + trypsin 415.6 89.7 51.9 52.1 51.8 51.9 
None 61.3 61.5 61.2 61.3 61.4 61.3 
Pronase 61.3 61.4 61.5 61.1 61.3 61.4 
Trypsin 61.3 61.2 61.3 61.4 61.2 61.3 
Urease 415.3 355.0 198.2 84.9 61.5 61.3 
Urease + pronase 382.2 80.2 66.0 61.5 61.4 61.4 
Urease + trypsin 409.3 132.1 80.2 61.6 61.3 61.3 
LLndley 
Webster 
Hayden 
Field-moist soils ware incubated (37°C, SOf» WHO) for various times 
after treatments specified. Urease was added at rate of 20 pg/g soil. 
Pronase and tiypsin were added at rate of 1000 pg/g soil. 
intervals over 21 days. Tests showed that jackbean urease used was 
destroyed very rapidly pronase or trypsin [ no urease activity could 
be detected after incubation (37°C) of 1 ml of a solution containing 
100 (i g of this urease with 1 ml of a solution containing 5 mg of pronase 
or trypsin for 15 min]. 
Previous work (Zantua and Bremner, 1975b) showed that air-drying of 
field-moist Iowa soils had no effect on urease activity, and this was 
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confirmed in the work reported here» We found, however, that, whereas 
incubation of field-moist soils under aerobic or waterlogged conditions 
had no effect on urease activity, incubation of rewetted air-dried soils 
under aerobic or waterlogged conditions led to an appreciable (9-33/^) 
reduction in urease activity (Pigs. 5 and 6), This decrease occurred 
within a few days of incubation at 30°C and further incubation did not 
lead to further reduction in urease activity. Also, studies reported in 
Table l6 showed that repeated drying-incubation treatments of moist soils 
had essentially the same effect as a single treatment. 
These findings suggest that air-diying of field-moist soils leads 
to release of urease from protected sites and that the urease thus 
released is rapidly decomposed when air-dried soils are rewetted and 
incubated under aerobic or waterlogged conditions. Support for this 
hypothesis was obtained from studies of the effects of adding jackbean 
urease or glucose after incubation of rewetted air-dried soils for 6 days 
(i.e. after the initial reduction in urease activity observed on 
incubation of rewetted air-dried soils). The results of these studies 
are illustrated by Fig. 7» which shows the data obtained with field-
moist Hayden soil. It can be seen that, although addition of jackbean 
urease or glucose after incubation for 6 days initially resulted in a 
marked increase in urease activity, urease activity subsequently 
decreased until it was identical to that observed before incubation and 
then remained constant. Our interpretation of these results is that some 
of the urease added as jackbean urease or produced by soil microorganisms 
following the addition of glucose was stabilized by occupation of 
Pig. 5. Effect on urease activity of incubating (30°C) field-moist and air-dried soils 
under aerobic conditions for various times* 
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fig. 6. Effect on urease activity of incubating (30°C) field-moist and air-dried soils 
under -waterlogged conditions for various times. 
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Table 16. Comparison of effects on urease activity of single and 
repeated drying-incubation treatments of moist soils 
Urease activity 
Soil Before 
treatment 
A^ 
After treatment 
B^ 
Storden 14.2 9.5 9.4 9.3 
Ida 18.9 14.4 14.2 14.1 
lândley 18.9 14.3 14.2 14.2 
Webster 51.9 47.5 47.3 47.1 
Hayden 61.3 42.5 42.5 42.3 
Glencoe 94.4 75.6 75.3 75.0 
A, moist soil (5 g dry material) was air^-dried at 23°C for 2 days 
and air^iy soil was moistened with 2 ml water and incubated (30°C) for 
7 days, 
treatment A was performed thjree times. 
°C, treatment A was performed five times. 
protective sites left unoccupied through release of native soil urease 
from these sites during air-drying. This explanation is in harmony with 
the hypothesis that different soils have different stable levels of urease 
activity determined by the ability of their constituents to protect urease 
against processes that decompose or inactivate unprotected urease (Zantua 
and Bremner, 1976). 
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SUMMARY AND CONCUJSIONS 
Studies with surface samples of Iowa soils selected to obtain a wide 
range in properties showed that the following treatments of field-moist 
soils had no effect on urease activity: leaching with water; drying for 
24 h at temperatures ranging from 30 to 60°C; storage for 6 months at 
temperatures ranging from -20 to 40°C; incubation under aerobic or water­
logged conditions at 30 or 40°C for 6 months. No loss of urease activity 
could be detected when field-moist soils were air-dried and stored at 
21-23°C for 2 years, but complete loss of urease activity was observed 
when they were dried at 105°C for 24 h or autoclaved (120°C) for 1 h. 
Inactivation of urease in moist soils was detected at temperatures above 
60*C. 
Treatment of field-moist soils with proteolytic enzymes which cause 
rapid destruction of jackbean urease (pronase and trypsin) did not 
decrease their urease activity, but jackbean urease was destroyed or 
inactivated when added to sterilized or unsterilized soils. 
Although no decrease in urease activity could be detected when field-
moist soils were air-dried, an appreciable (9-335^) decrease in urease 
activity was observed when air-dried soils were incubated under aerobic 
or waterlogged conditions. This decrease occurred within a few days and 
prolonged incubation or repetition of the drying-incubation treatment 
did not lead to a further decrease in urease activity. Treatment of 
incubated air-dried soil with urease or glucose initially increased 
urease activity to a level exceeding that of the undried soil, but this 
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activity decreased with time and eventually stabilized at the level 
observed for the undried soil. 
The work reported supports the conclusions from previous work that 
the native urease in Iowa soils is remarkably stable and that different 
soils have different levels of urease activity determined by the ability 
of their constituents to protect urease against microbial degradation 
and other processes leading to inactivation of enzymes» 
75 
PART V. RELATIONSHIPS BETWEEN SOIL UREASE ACTIVITY AND OTHER 
SOIL PROPERTIES 
76 
INTRODUCTION 
Recent work has shown that the urease in Iowa soils is remarkably 
stable and has indicated that different soils have different stable levels 
of urease activity determined by the ability of their constituents to 
protect urease against microbial decomposition and other processes that 
lead to destruction or inactivation of enzymes (Zantua and Bremner, 1975b, 
1976). In the work reported here, an attempt was made to identify these 
protective constituents by studying the relationships between soil urease 
activity and other soil properties. 
Although studies of the relationships between urease activity and 
other soil properties have been very limited, it has been recognized 
for many years that urease activity in soils tends to increase with 
increase in soil organic matter content and that sandy or calcareous soils 
tend to have lower urease activities than heavy-textured or noncalcareous 
soils (Skujins, 1967» McGarity and î^ers, 1967» buyers and McGarity, I968; 
Skujins and McLaren, I969). The first statistical study of the relation­
ships between urease activity and other soil properties was by McGarity 
and îtyers (I967)» who found that urease activity in 20 Australian surface 
soils was highly correlated with organic carbon and weakly correlated with 
pH. They could not, however, detect a significant relationship between pH 
and urease activity in a subsequent study of profile samples of five 
Australian soils (%ers and McGarity, 1968). Gould, Cook, and Webster 
(1973) observed a significant relationship between urease activity and 
organic carbon in profile samples of an Alberta soil, but Pancholy and 
Rice (1973) found that urease activity in 9 Oklahoma surface soils was not 
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significantly correlated with organic carbon or pH and concluded that 
the level of urease activity in these soils was determined by the type 
of vegetation. The most detailed investigation of the relationships 
between urease activity and other soil properties has been a recent study 
by Dalai (1975) of the relationships between urease activity in 15 Trinidad 
surface soils and the following properties of these soils: pH, organic 
carbon content, clay content, cation-exchange capacity, oxalate-extractable 
Fe, and oxalate-extractable Al. Dalai (1975) found that, when urease 
activity in these soils was assayed by a method similar to that adopted 
in the work reported here, there was a highly significant correlation 
between urease activity and organic carbon content or cation-exchange 
capacity. He also found that urease activity was significantly correlated 
with oxalate-extractable Fe or Al, but was not significantly correlated 
with pH or clay content. In the work reported here, we studied the 
relationships between urease activity in 21 Iowa surface soils and the 
following properties of these soils: pH, organic carbon content, total 
nitrogen content, cation-exchange capacity, clay content, silt content, 
sand content, surface area, and CaCO^ equivalent. The soils used were 
selected to obtain a wide range in the properties listed. 
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MATERIALS AND METHODS 
The soils used (Table 1?) were surface (O-I5 cm) samples of Iowa 
soils differing maricedly in pH (4.6-8.0), texture (2-9^ $ sand, 1-41^  
clay), and organic-matter content (0.30-6.73^' organic C)« Before use, 
each sample was air-dried and ground to pass a 2-mm screen. In the 
analyses reported in Table I7, pH, organic carbon, and texture were 
determined as described by Zantua and Bremner (1975a)» Total nitrogen 
was determined by a micro-Kjeldahl procedure (Bremner, I96O), and CaCO^ 
equivalent was calculated from inorganic carbon determined as described 
by Bundy and Bremner (1972). Cation-exchange capacity was detezmined by 
the method of Keeney and Bremner (1969), surface area by the method of 
Hailman, Carter, and Gonzalez (1965)» urease activity by the method 
described by Zantua and Bremner (1975a)» The organic carbon, inorganic 
carbon, total nitrogen, and cation-exchange capacity analyses were per­
formed on < lOO-mesh soil. The other analyses reported were performed 
on < 2-mm soil. All analyses were performed in duplicate or triplicate. 
Correlation and multiple regression analyses were performed using the 
Statistical Analysis System (SAS) on an IBM 360 computer. 
Table 17. Analyses of soils 
Soil PH 
Organic 
carbon 
(*) 
Total 
nitrogen 
($) 
Sand 
()() 
Buckner 6.1 0.30 0.032 94 
Storden 8.0 0.30 0.059 51 
Dickinson 6.5 0.55 0.053 90 
Thurman 6.8 0.64 0.056 90 
Ida 7.9 0.88 0.110 5 
Belinda 6.3 1.20 0.116 3 
lAndley 5.0 1.68 0.143 40 
Kenyon 6.4 1.72 0.155 36 
Sharpsburg 5.7 2.17 0.226 4 
Muscatine 6.0 2.25 0.215 5 
Moody 6.2 2.65 0.254 5 
Webster 6.8 2.81 0.256 33 
Nicollet 6.4 3.08 0.259 46 
Hayden 6.9 3.21 0.227 53 
Harps 7.9 3.21 0.335 27 
Primghar 7.0 3.41 0.313 6 
Weller 6,1 3.69 0.324 2 
Marcus 6,6 3.81 0.331 2 
Clyde 5.1 4.23 0.351 15 
Glencoe 6.3 5.86 0.544 19 
Okoboji 4.6 6.73 0.598 12 
Mean 6.4 2.60 0.236 30 
^Cation-exchange capacity (m-equiv./lOO g of soil). 
depressed as iig of urea hydrolyzed/g of soil/h. 
w 
3 
31 
5 
9 
71 
78 
42 
33 
65 
67 
67 
37 
32 
34 
41 
56 
77 
6l 
57 
40 
50 
45 
80 
Is
 
Câ-COo 
equivalent 
(*) CEC^ 
Surface 
area, 
(la^g-l) 
Urease 
activity" 
3 0 2.8 11 0 
18 20.8 9.5 49 14.0 
5 0 3.2 12 4.7 
1 0 4.0 12 4.7 
24 14.2 15.2 92 18.9 
19 0 11.9 58 34.3 
18 0 11.5 52 18.9 
21 0 13.9 58 16.7 
31 0 21.5 119 28.3 
28 0 23.1 109 28.3 
28 0 21.0 127 23.6 
30 0 28.0 135 37.6 
22 0 21.7 81 66.1 
13 0.2 16.3 40 61.3 
32 12.9 31.7 125 70.8 
38 0.3 33.2 156 70.8 
21 0 19.7 58 113.3 
37 0 33.7 174 37.8 
28 0 18.2 103 33.0 
41 0 40.2 180 84.9 
38 0 38.0 127 56.6 
24 2.3 19.9 89 39.3 
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RESULTS AND DISCUSSION 
McGarity and Ifyers (196?) found that the results obtained by the 
method used to assay urease activity in their study of the relationships 
between urease activity and other properties of Australian soils were 
markedly affected by storage or air-drying of these soils before analysis 
and that it was accordingly necessary to perform assay of urease activity 
on unstored, field-moist soil. Also, Dalai (1975) found that the results 
obtained the method of assaying urease activity used in his study of 
the relationships between urease activity and other properties of 
Trinidad soils were greatly affected by addition of toluene to inhibit 
microbial activity during assay of urease activity. In contrast, we have 
found that air-drying or storage of field-moist Iowa soils has no effect 
on the results obtained by the method of assaying urease activity used 
in the work reported here and that the values obtained by this method are 
not affected by addition of toluene (Zantua and Bremner, 1975a» 1975b, 1976). 
These findings were confirmed by analyses of field-moist and air-dried 
samples of 7 or the 21 soils used in the work reported here. Preliminary 
work also confirmed the previous finding (Zantua and Bremner, 1975a-) that 
the method used for assay of urease activity gives highly reproducible 
results and provides a good index of the ability of soils to hydrolyze 
urea under simulated field conditions. Urease activity assayed by this 
method in the 21 soils studied was highly correlated (r = 0.98***) with 
the ability of these soils to hydrolyze urea when incubated at field 
capacity and 20°C for 24 hours. 
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Table 18. Correlations between soil urease activity and other soil 
properties 
Soil property 
Correlation 
coefficient (r) 
Organic carbon 
Total nitrogen 
Cation-exchange capacity 
Surface area 
Clay 
Sand 
Silt 
pH 
CaCO^ equivalent 
*** 0.72 
0.71*** 
0.67*** 
0.45* 
0.53* 
-0.47* 
0.39 
-0.01 
-0.11 
* . 
Significant at 5? level. 
*** 
Significant at 0.1^ level, 
Table 18 shows that urease activity in the soils studied was 
correlated very significantly (0.1^ level) with organic carbon content, 
total nitrogen content, and cation-exchange capacity. It also shows that 
urease activity was significantly correlated (5^ level) with clay content, 
sand content, and surface area, but was not significantly correlated with 
pH, silt content, or CaCO^ equivalent. Organic carbon content was 
correlated very significantly with total nitrogen content (r = 0.99***)» 
and cation-exchange capacity was correlated very significantly with both 
organic carbon content (r = 0.86***) and total nitrogen content 
(r = 0.90***). 
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Since organic carbon content and total nitrogen content are indexes 
of organic matter content and since cation-exchange capacity is closely 
related to organic matter content, the highly significant simple 
correlations between urease activity and organic carbon content, total 
nitrogen content, and cation-exchange capacity (Table 18) indicate that 
organic matter content, accounted for most of the variation in urease 
activity observed with the soils studied. 
As noted previously, Dalai (1975) found that toluene had a marked 
effect on the results obtained by the method used to assay urease activity 
in his study of the relationships between urease activity and other 
properties of Trinidad soils. When urease activity was assayed in the 
absence of toluene, multiple regression analysis of his data showed that 
the following equation accounted for 91«63^ of the observed variation in 
urease activity (UA): 
UA = 25.13 + 4.25 (organic carbon) 
When urease activity was assayed in the presence of toluene, the 
following equation accounted for 81.88^ of the variation in urease 
activity: 
UA = -5*72 + 0.45 (clay) + 2,6l (organic carbon) 
Dalai (1975) concluded that the urease activity observed in the 
absence of toluene was due to urease primarily associated with organic 
matter in the soils studied, whereas the urease activity observed in the 
presence of toluene was largely due to urease adsorbed on or associated 
with clay-organic matter complexes in these soils. 
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Multiple regression analysis of the data obtained with the 21 soils 
studied in our work showed that the variation in urease activity observed 
was best accounted for (if = 83.1^) by the following equation (a): 
(a) UA = 47.81 + 14.42 (pH) + 309.99 (total nitrogen) - 0.397 
(surface area) + 67.45 (pH)(total nitrogen) - 0.970 (total 
nitrogen)(surface area) 
Because of high correlations between several variables [e.g. total 
nitrogen versus organic carbon (r = 0.99 ***), surface area versus cation-
exchange capacity (r = 0.92***), or surface area versus clay content 
(r = 0.96***)], problems were encountered in attempts to fit models 
containing more variables than equation (a). It was found that either 
variable of a highly correlated pair could be used in models with about 
equal predictability. For example, when organic carbon was used instead 
of total nitrogen, the following equation (b) accounted for 78.6# of 
the variation in urease activity: 
(b) UA = 46.11 + 15*27 (pH) + 23.06 (organic carbon) - 0,256 (surface 
area) +4.68 (pH)(organic carbon) - O.O66 (organic carbon) 
(surface area) 
Soil properties in equations (a) and (b) were coded around the means 
reported in Table 17. The numerical coefficients (b-values) of the soil 
properties in these equations and the significance of these coefficients 
are reported in Table 19. 
It is evident from equations (a) and (b) that most of the variation 
in urease activity could be accounted by organic matter content (assessed 
total nitrogen or organic carbon analysis), pH, surface area, and two 
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Table 19. Numerical coefficients (b-values) of soil properties in 
equations and significance of these coefficients 
Source b-value 
Equation (a) 
Intercept 4?,81 
pH 14.42** 
Total nitrogen 309.99*** 
Surface area -0,397** 
pH X total nitrogen 67.45** 
Total nitrogen x surface area -0,970* 
Equation (b) 
Intercept 
pH 
Organic carbon 
Surface area 
pH X organic carbon 
Organic carbon x surface area 
""significant at 55^ level. 
Significant at 1^ level. 
***Significant at 0,1^ level. 
46,11 
15.27** 
23,06*** 
-0,256* 
4,68* 
-0,066 
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of the three possible interactions of these properties. Curvilinear 
effects as determined by quadratic functions of each variable (linear + 
squared terms) were not significant. 
It is noteworthy that, although simple correlation analysis showed 
that urease activity was not significantly related to pH (Table 18), 
multiple regression analysis showed that pH was a significant factor in 
regard to the level of urease activity in different soils. But Table 19 
shows that only organic matter content (assessed by total nitrogen or 
organic carbon analysis) showed a very highly significant (0.1^ level) 
numerical coefficient. This supports the conclusion from Table 18 that, 
of the soil properties studied, organic matter content had the greatest 
effect on the level of urease activity. The failure of Pancholy and 
M.ce (1973) to detect a significant relationship between urease activity 
and organic matter content may have been due to the very narrow range in 
organic carbon content (0,48-1.15^) of the nine soils used in their work. 
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SUMMARÏ AND CONCLUSIONS 
Statistical examination of analytical data for 21 Iowa surface soils 
selected to obtain a wide range in properties showed that urease activity 
in these soils was correlated very significantly with organic carbon 
content (r = 0.72***), total nitrogen content (r = 0.71***), and cation-
exchange capacity (r = 0.67***). Urease activity also was significantly 
correlated with clay content (0,5^), sand content (-0.47*), sind surface 
area (0.45*), but was not significantly correlated with pH, silt content, 
or CaCO^ equivalent. Multiple regression analysis showed that organic 
matter content assessed by organic carbon or total nitrogen analysis 
accounted for most of the variation in urease activity observed with the 
soils studied. It is concluded that oi^anic soil constituents contribute 
substantially to protection of urease and establishment of stable levels 
of urease activity in soils. 
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PART VI. ACTIVITY OF UREASE AND OTHER ENZYMES IN SOILS AT SUBZERO 
TEMPERATURES 
89 
INTRODUCTION 
Although numerous studies of enzyme activity in soils have been 
reported (for reviews, see Skujins, 19^7; Kuprevich and Shcherbakova, 
1971), the possibility that enzyme activity can occur in soils at subzero 
temperatures has not been investigated. The work reported here was under­
taken to test this possibility. It was prompted by our finding that 
substantial amounts of ammonium were produced in urea-treated soils 
stored at -10°C for ? days, and it supports the deduction from this 
observation that enzymatic hydrolysis of urea can occur in soils at 
subzero temperatures. 
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MATERIALS AND METHODS 
The soils used (Table 20) were surface (0-15 om) samples of Iowa 
soils. Before use, they were air-dried and crushed to pass a 2-mm 
screen. The analyses reported in Table 20 were performed as described 
by Douglas and Bremner (1970)" 
Table 20, Analyses of soils 
Soil PH 
Organic 
carbon 
(*) 
Total 
nitrogen 
($) 
Clay 
(^) 
Sand 
($) 
Weller 6.1 3.69 0.324 21 2 
Glencoe 6.3 5.86 0.544 41 19 
Webster 6.9 2.93 0.262 30 34 
Hayden 6.9 3,21 0.227 13 53 
Regina 7.5 2.09 0.238 72 2 
The jackbean urease preparation used was obtained from Matheson 
Coleman and Bell, East Rutherford, New Jersey. The clay minerals employed 
were obtained from Ward's Natural Science Establishment, Rochester, New 
York. 
Unless otherwise specified, soil enzyme activity at different 
temperatures was studied by performing appropriate analyses after 
incubation of l-g samples of soil with 1 ml of 0.00^ enzyme substrate 
solution at the selected temperatures for various times in stoppered 
plastic (polycarbonate) test tubes (l6 x 125 mm)* Urease activity was 
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studied by incubating with O.OO^M urea and subsequently performing urea 
analyses to calculate the amount of urea hydrolyzed on incubation. 
Phosphatase activity was studied by determining the g-nitrophenol (PN) 
produced by incubation with O.OO^M £-nitrophenyl phosphate (PNP), and 
sulfatase activity was studied by determining the £-nitrophenol (PN) 
produced by incubation with O.OO^M £-nitrophenyl sulfate (PNS). The 
substrates used to study phosphatase and sulfatage activity were obtained 
from Sigma Chemical Co., St. Louis, Missouri (disodium £-nitrophenyl 
phosphate and potassium £-nitrophenyl sulfate, respectively). 
Where soil enzyme activity at temperatures above 0°C was studied, the 
soil samples and enzyme substrate solutions were brought to the desired 
temperature before mixing and incubation. Where soil enzyme activity at 
temperatures below 0°C was investigated, the soil samples were brought 
to the desired temperature before addition of the substrate solution by 
placing the test tubes containing these samples in an appropriate cooling 
mixture, and they were cooled with this mixture during addition of the 
substrate solution. The cooling mixtures used were prepared by treating 
crushed ice with NaCl, CaCl^, or CaCl^'&H^O. The substrate solutions 
employed were cooled to ca. +1°C before use. Immediately after addition 
of these solutions, the test tubes containing the soil-substrate mixtures 
were stoppered and transferred to a freezer maintained at the chosen 
subzero temperature. The temperatures of the freezers used were monitored 
by electronic thermometers (Model 8510-20, Cole-Parmer Instruments Co., 
Chicago, Illinois). 
The procedure used to determine urea in soil samples incubated with 
urea was similar to that described by Douglas and Bremner (1970), It 
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Involved colorlmetric analysis of the extract obtained by shaking the 
incubated soil sample with 9 ml of 2M KCl containing 5 Mg/ml of 
phenylmercuric acetate (a urease inhibitor) for 1 h and by filtering 
the resulting suspension (Whatman No. 42 filter paper). The procedure 
used to determine PN in soil samples incubated with PNP and PNS was 
essentially that described by Tabatabai and Bremner (1969, 1970a). It 
involved colorlmetric analysis of the extract obtained by treating the 
incubated soil sample with 4 ml of water, 1 ml of 0.^ CaCl^, and 4 ml 
of 0.^ NaOH and by filtering (Whatman No. 2v folded filter) the suspension 
obtained by shaking this mixture for 1 min. 
Previous work showed that the reagent used for extraction of urea 
inhibits urease activity (Douglas and Bremner, 1970) and that the alkali 
used in the procedure for extraction of PN inhibits phosphatase and 
arylsulfatase activity (Tabatabai and Bremner, 1969, 1970a). To prevent 
enzymatic activity during thawing of frozen soil-substrate mixtures for 
determination of urea or PN, we treated the frozen mixtures with the 
reagents used to extract these compounds and shook them vigorously at 
room temperature (ca. 23°C) until they thawed. 
No hydrolysis of urea, PNP, or PNS could be detected when O.OO^M 
o 
solutions of these compounds were stored at subzero temperatures (-10 C, 
-20°C, or -30°C) for 10 days. 
All experiments reported were performed in duplicate or triplicate. 
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RESULTS AND DISCUSSION 
Although no studies of enzyme activity in frozen soils have been 
reported, several workers have investigated the effects of freezing soil 
samples before assay of soil enzyme activity at temperatures normally 
used for such assays (Tagliabue, 1958; Ross, 1965» 1970; Skujuns, 196?; 
Tabatabai and Bremner, 1970b; Kuprevich and Shcherbakova, 1971)* These 
investigations have indicated that freezing of soils does not, to any 
significant extent, destroy the enzymes present. This conclusion is 
supported by the experiments reported in Table 21 showing that the urease, 
phosphatase, and sulfatase activities at +30°C of soils used in our work 
were not affected when these soils were frozen at -30°C for 10 days. 
Table 21. Enzyme activities of soils before and after freezing^ 
Soil" 
Enzyme activity (+30°C)^ 
Urease Phosphatase Sulfatase 
Weller, BF 107 758 449 
Weller, AF 106 75^ 451 
Webster, BF 64 406 104 
Webster, AF 63 406 104 
Regina, BF 32 662 105 
Regina, AF 32 666 104 
^Enzyme activities of 1-g samples of soils treated with 1 ml of 
water were assayed before and after incubation of soil-water mixtures at 
-30°C for 10 days. Enzyme activity was assayed by determining the amount 
of substrate hydrolyzed on incubation of soil-water mixture with 1 ml of 
O.OIM enzyme substrate solution at +30°C for 2 h. The frozen mixtures 
were thawed at t30°C before assay of enzyme activity. 
^Urease activity is expressed as |ig urea hydrolyzed/g soil/2 h, 
phosphatase activity as ng PNP hydrolyzod/g soil/2 h, and sulfatase 
activity as (ig PNS hydrolyzed/g soil/2 h. 
°BF, before freezing; AF, after freezing. 
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Table shows the results of experiments to detect enzyme activity 
in soils incubated at different temperatures. The data reported show 
that, although no enzyme activity could be detected at -30"C, urease 
activity, phosphatase activity, and sulfatase activity were detected at 
-10°C and -20°C. Enzyme activity decreased with decrease in temperature 
and was much less at -%U° than at +5°C« 
The hydrolysis observed at -10°C and -20°C in the experiments reported 
in Table ZZ is ascribed to enzyme activity because we were unable to 
obtain any evidence for the occurrence of microbial activity Isee next 
section^ or chemical hydrolysis at these temperatures. No hydrolysis of 
urea, PKP, or PNS could be detected at -10°C or -20°C when the experiments 
with the Weller, Webster, and Hayden soils were repeated with samples of 
these soils that had been autoclaved at 120°C for 1 h to destroy enzyme 
activity (tests showed that the autoclaved soils exhibited no urease, 
phosphatase, or sulfatase activity at +30°C). Additional evidence that 
the hydrolysis of urea observed in soils incubated at subzero temperatures 
resulted from enzyme (urease) activity was obtained from experiments 
showing that no hydrolysis of urea occurred at -10°C or -20°C when the 
soil samples used were pretreated with p-benzoquinone (0.1 mg/g of soil), 
which has been shown to be a potent inhibitor of soil urease activity 
(Bremner and Douglas, 1971). Also, experiments with the Weller, Glencoe, 
Webster, and Hayden soils showed that the amounts of PNS hydrolyzed on 
incubation of 1 g samples of these soils with 1 ml of 0.00^ PNS at -10°C 
for 48 h were not significantly affected when these samples were pretreated 
with toluene (0.1 ml/g of soil), which is commonly used to inhibit microbial 
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Table 22, Enzyme activity in soils incubated at different temperatures^ 
Temperature Enzyme activity^ 
Soil (°c; Urcsse Phosphatase Sulf^.t^.se 
Weller + 5 17.2 95.8 49.2 
-10 0.9 4.3 1.3 
-20 0.3 1.0 0.3 
-30 0 0 0 
Glencoe + 5 23.2 83.1 45.9 
-10 1,8 5.6 1.3 
-20 0.5 1.6 0.3 
-30 0 0 0 
Webster + 5 12.9 46.2 11.4 
-10 0.9 4.2 0.7 
-20 0.2 0.8 0.3 
-30 0 0 0 
Hayden + 5 11,2 60,4 32.9 
-10 0.7 5.5 1.5 
-20 0,2 1.2 0.5 
-30 0 0 0 
Regina + 5 10,3 94.2 17.1 
-10 0.7 5.7 0.7 
-20 0.2 1.6 0.2 
-30 0 0 0 
^Soil samples (1 g) were incubated with 1 ml of O.OO^M enzyme 
substrate solution (urea, PNP, or PNSJ. Incubation times were 5 h at 
+5°C and 48 h at -10°C, -20°C, or -30°C. 
Urease activity is expressed as urea hydrolyzed/g soil/h, 
phosphatase activity as (ig PNP hydrolyzed/g soil/h, and sulfatage 
activity as |_ig PNS hydrolyzed/g soil/h. 
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growth and assimilation of enzymatic reaction products in assay of enzyme 
activity in soils (Drobnik, 1961; Kiss and Boaru, 1965)* 
The detection of enzymatic activity in soils at subzero temperatures 
prompted us to search the literature for evidence of microbial activity 
in frozen soils. Early work by Conn (1910, 1911, 1914) and by Brown and 
Smith (1912) indicated that bacterial growth and reproduction can occur 
in frozen soils, but this work was severely criticized and refuted by 
Vass (1919), and there seems to be no evidence in subsequent literature 
that microbial growth can occur in frozen soils. The possibility that 
microbial growth can occur in soils at subzero temperatures cannot, 
however, be entirely rejected, because research concerning microbial 
spoilage during the production and storage of frozen foods has indicated 
that some psychrophilic microorganisms can grow at temperatures as low as 
-10°C (Elliott and Michener, I960; Stokes, 1962). But many weeks or months 
of incubation are required for detection of appreciable growth of these 
microorganisms at subzero temperatures, and it seems safe to conclude 
that microbial growth does not occur, or is extremely slow, in soils at 
or below -10°C. Support for this conclusion is provided by Table 23 which 
shows the results of experiments in which soil samples treated with glucose 
and nitrate (to stimulate microbial activity) were incubated at +30°C, +5°C, 
-10°C, and -20°C, and their nitrate contents were determined after 2 and 
10 days. The method of Keeney and Bromner (I966) was used for determination 
of nitrate, and tests showed that this method gave quantitative (99*8-
100.2#,) recovery of nitrate with the soils used. The finding (Table 23) 
that the recovery of nitrate N after 2 or 10 days was only 0.4-2.1# for 
the soils incubated at +30°C, but was quantitative (99»8-100.2#) for the 
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Table 23, Recovery of nitrate after incubation of soils with KNO and 
glucose at different temperatures for 2 and 10 days^ 3 
Incubation 
Soil tempejrature Recovery of nitrate N (^) 
(®C) After 2 days After 10 days 
Glencoe -20 99.8 100.2 
-10 100,0 99.9 
+ 5 97.5 85.3 
+30 2,0 0,6 
Webster -20 100,2 99.9 
-10 100,2 99.8 
+ 5 98,0 87.3 
+30 2,1 0.8 
Hayden -20 100,0 99.8 
-10 99.8 99.8 
+ 5 97.8 88.1 
+30 1.7 0.4 
Soil samples (1 g) treated with 1 ml of a glucose-nitrate solution 
containing 2,5 mg of C as glucose and 0,5 nig of N as KNO„ were incubated 
at temperatures specified for 48 and 240 h® ^ 
soils incubated at -10°C or -20°C, is evidence that microbial activity-
does not occur, or is negligible, in soils at -10°C or -20°C, Other 
evidence that microbial activity is negligible in soils at subzero 
temperatures was provided by previous work in our laboratory showing that 
only trace amounts of ammonium or nitrate were produced during storage of 
field-moist soils at -5°C for 9 months (Nelson and Bremner, 1972), It 
seems certain, therefore, that the enzymatic activity observed in our 
work on incubation of soils at subzero temperatures was due to enzymes 
present in these soils before incubation and not to enzymes produced by 
microbial activity during incubation. 
A study of the effect of incubation time on hydrolysis of urea, PNP, 
and PNS in soils incubated at -10°C (Table 24-) showed that the amount of 
urea, PNP, or PNS hydrolyzed increased with increase in the time of 
incubation and that the amount hydrolyzed in 10 days represented 7.5-^5«75^ 
of the amount added (the amounts of urea, PNP, and PNS added were equivalent 
to 300, 1085, and 1091 Mg/g soil, respectively). The finding that 28.7-
65.7^ of the urea added was hydrolyzed in 10 days at -10°C is of considecr- ' 
able interest because the practice of adding fertilizer urea to frozen 
soils is based on the assumption that no hydrolysis of urea occurs in soils 
at subzero temperatures. This finding also means that storage at -10°C 
is not a satisfactory method of preserving soil samples containing urea 
for urea or ammonium analyses. The results of the experiments with urea 
reported in Table 22 show that this holds for storage at -20°C, but they 
indicate that storage at -30°C may be a satisfactory method of preservation 
for urea and ammonium analyses. 
It is noteworthy that no hydrolysis of urea, PNP, or PNS could be 
detected when soil samples cooled to -10°C were analyzed immediately 
after treatment with these compounds and that very little hydrolysis was 
observed after 30 rain (Table 24). This is evidence that little, if any, 
of the hydrolysis observed when soils treated with urea, PNP, or PNS were 
incubated at -10°C for 2, 5, or 10 days resulted from enzymatic activity 
during cooling of the soil-substrate mixtures to -10°C or during thawing 
of the frozen soil-substrate mixtures for determination of urea or PN. 
As noted previously, the reagents used for extraction of urea and PN 
inhibit enzyme activity, and they were added to the frozen soil-substrate 
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Table 24. Effect of incubation time on hydrolysis of urea, ^ -nitrophenyl 
phosphate (PNP) and g^-nitrophenyl sulfate (PNS) in soils 
Incubated at -10°C* 
Incubation Amount hydrolyzed (ue/e soil)^ 
Soil time (h) Urea PNP PNS 
Weller 0 0 0 0 
0.5 1 14 2 
50.0 44 206 64 
120.0 90 367 122 
240.0 150 (50.0) 540 (49.7) 200 (18.3) 
Glencoe 0 0 0 0 
0.5 2 18 11 
50.0 87 272 65 
120.0 146 382 101 
240.0 197 (65.7) 460 (42.4) 176 (16.1) 
Webster 0 0 0 0 
0.5 1 13 6 
50.0 44 200 34 
120.0 64 293 63 
240.0 107 (35.7) 426 (39.2) 82 (?.5) 
Hayden 0 0 0 0 
0.5 1 16 12 
50.0 35 268 73 
120.0 47 354 106 
240.0 86 (28.7) 440 (40.5) 180 (16.5) 
^Soil samples (1 g) were incubated (-10°C) with 1 ml of 0,00^ 
enzyme substrate solution (urea,PNP, or PNS) for times specified. 
Figures in parentheses represent amount hydrolyzed calculated as 
a percentage of the amount added. 
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mixtures before alloiijing these mixtures to thaw. Tests with electronic 
thermometers showed that, when soils cooled to -10°C were treated with 
cooled (ca. +1°C) substrate solutions as in the work reported in Table 24, 
the temperatures of the soil-substrate mixtures were about -5°C 
iraraediately after addition of the substrate solutions and stabilized at 
-10°C after about 15 min. 
Although this is the first report of enzyme activity in soils at 
subzero temperatures, there are reports in the literature that enzyme 
activity can occur in other materials (e.g., foods) at subzero temperatures 
(e.g., Fennema and Powrie, 1964; Tappel, 1966; Land, Fennema, and Powrie, 
1969; Desrosier, 1970; Fennema, Powrie, and Marth, 1973)» Many of these 
reports relate to work involving use of reagents that prevent freezing 
at subzero temperatures, but several have provided evidence that enzyme 
activity can occur in frozen systems even when the formation of ice 
crystals is not prevented, and this activity has been attributed to the 
presence of unfrozen water in these systems. The same explanation can be 
advanced for the detection of enzyme activity in soils at -10°C and -20°C 
because the presence of unfrozen water in frozen soils is well established, 
and there is evidence that a layer of unfrozen water can exist at the 
surfaces of soil (or clay) particles even at -25°C (Low, 1961; Nerseova 
and Tsytovich, 1963» McLaren and Skujins, 1968; Anderson, 1970; Gary and 
Mayland, 1972). It seems reasonable, therefore, to conclude that enzyme 
activity in soils at subzero temperatures results from enzyme-substrate 
interaction in unfrozen water at the surfaces of soil particles. Support 
for this conclusion is provided by Table 25, which shows the results of 
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Table 25. Effects of amendments on hydrolysis of urea by jackbean urease 
at subzero temperatures 
us of urea hydrolyzed in 48 h 
Amendment® -10°C -20°C -30OC 
None 0 0 0 
Montmorillonite (26)^ 257 86 0 
Illite (35)b 215 43 0 
Kaolinite (4)^ 259 87 0 
Autoclaved Glencoe soil 300 107 0 
Autoclaved Webster soil 303 88 0 
Autoclaved Hayden soil 301 86 0 
Jackbean urease solution (0«2 ml) was treated with 1 g of amendment 
(<2 ram) and cooled to temperature specified before addition of cooled 
(1°C) substrate solution (1 ml of 0,0^ urea). 
Number in parentheses is sample reference number (Ward's Natural 
Science Establishment). 
experiments to determine the effects of clay minerals and autoclaved 
(120°C for 1 h) soils on hydrolysis of urea by jackbean urease at subzero 
temperatures. The clay minerals and autoclaved soils used exhibited no 
enzyme activity (no hydrolysis of urea was observed when 1-g samples of 
these materials were incubated with 1 ml of urea for 2 h at 30°C or 
for 46 h at -10°C or -20°C). The urease solution employed was prepared 
by shaking 0.1 g of jackbean urease with 100 ml of water for 5 min and 
filtering the resulting suspension. Table 25 shows that, vriiereas no 
hydrolysis of urea by jackbean urease occurred at -10°C, -20°C, or -30°C 
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in the absence of clay minerals or autoclaved soils, hydrolysis did occur 
at -10°C and -20°C in the presence of these materials. 
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SUMMARY AND CONCLUSIONS 
Urease activity, phosphatase activity, and sulfatase activity were 
detected in soils at -10°C and -20°C. The occurrence of enzyme activity 
in soils at subzero temperatures is attributed to enzyme-substrate 
interaction in unfrozen water at the surfaces of soil particles. Support 
for this explanation was obtained from experiments showing that hydrolysis 
of urea by jackbean urease occurs at -10°C or -20°C in the presence, but 
not in the absence, of clay minerals or autoclaved soils. No enzyme 
activity could be detected in soils at -30°C. 
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